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Description 

nELD OF THE INVENTION 

5 [0001 ] IhB preserrt invention relates to noninvasive n^ods and conpositions lor detecting, localizing and tracking 
light-emitting entities and bidogicai events in a manvnalian subject. 

BACKGTOUND OF THE INVENTION 

10 [0002] Ttie ability to monitor the progression of infectious diseases is limited bry the current ex vivo methods o1 
detecting and quantising intectious agents in tissues. The replication of an infectious agent in a host often involves pri- 
nrtary. secondary and tertiary sites of replication. The sites of replication and the course that an infectious agent follows 
tiTrough these sites is determined by the route of inoaiation, factors encoded by the host as well as determinants of the 
infectirtg agent. 

15 [0003] Experier»ce may offer, in some cases, an estimate of probable sites of replication and the progress of an 
infection, ft is more often the case, however, that the sites of infection, and the pace of the disease are either not known 
or can only roughly be estimated. Moreover, tiie progression of an infectious disease. &/en in inbred strairis of mice, is 
often individualized, and serial, &c vh/o analyses of many infected animals need to be conducted to determine, on the 
average, what course a disease will follow in an experinrientally infected host. 

20 [0004] Accordingly, it wouW be desirable to have a means of tracking tiie progressron of infection in an animal 
model. kJealty. the tracking could be done non-invasively. such that a single animal could be evaluated as often as nec- 
essary writhout detrinoental effects. Methods and compositions of the present invention provide a non-invasive approach 
to detect, localize and track a pathogen, as w^l as other entities, in a living host, such as a nnamn^l. 

25 SUMMARY OF THE INVENTION 

[0005] In one emtjodimoit, the invention includes a noninvasive method for detecting the localization of a biocom- 
patible entity in a mammalian sttoject. The entity can be a molecule, macromolecule, cell, microorganism (including a 
pathogen], a particle, or the like. 

30 [0008] The method includes administering to the subject a conjugate of the entity and a light-generating moiety. 
Light-generating moieties are typically molecules or macromolecules that give off light They may generate light as a 
result of radiation absorption {e.g. fluorescent or phosphorescent nx>lecules), or as a result of a chemical reactkm {e.g. 
bioluminescent proteins) . Exerrplary light-generating moieties are bioluminescent proteins, such as luciferase and 
aequorin, and cotored or fluorescent proteins, such as yeltow fluorescent protein and ften'edoodn IV. 

35 , [0007] The moiety may be conjugated to tfie entity by a variety of techniques, including incorporatron during syn- 
thesis of the entity (e.g. chemfcal or genetic, such a hjston protein of an antibody fragment and a light-generating pro- 
tein), chemical coupling post-synthesis, non-covalent association {e.g. encapsulation by liposomes), in-sHu synthesis 
in the entity {e,g. expression of a heterologous bioluminescent protein in atmnsfornried cell), or in situ activatable pro- 
moter-controlled expr esskxi of a bioluminescent protein in cells of a transgenic animal stimulated by a promoter inducer 

40 {e.g. interferorvactivated promoter stimulated by infection with a virus). 

[0008] After a period of time In which ttie conjugate can localize in ttie subject ttie subject is immobilized wittiin ttie 
detection f ieW of a photodetector devwe for a perk)d of time effective to measure a sufFfcient anrxHint of photon emission 
(witii ttie photodetector device) to construct an image. An exemplary photodetector device is an intensified charge-cou- 
pled device (ICCD) camera coupled to an inrage processor, ff the image can be constructed in a time short relative to 

45 ttie time scale at which an "unimmobilized" subject moves, ttie subject is inherently "immobilized" during imaging and 
no special immobilization precautions are required. An image from the photon emission data is ttien constructed. 
[0009] The mettiod described above can be used to track ttie localization of the entity in ttie subject over time, by 
repeating the imaging steps at selected intervals and constructing images corresponding to each of tiiose intervals. 
[001 0] The mettiod descrbed above can be used in a number of specifk; applications, by attaching, conjugating or 

60 incorporating targeting moieties onto the entity. The targeting nnoiety may t& an inherent property of ttie entity (e.g. anti- 
body or antibody fragment), a it may be conjugated to. attached to, or incorporated in ttie entity (e.g. Iposomes con- 
taining antilxxiies). Examples of targeting moieties include antibodies* antibody fragments, enzyme inhibitors, receptor- 
binding molecules, various toxins and ttie like. Targets of ttie targeting moiety may include sites of inflammation, inftec- 
tion. ttirombotic plaques and tumor cells. Markers distinguishing ttiese targets, suitable for recognition by targeting moi- 

ss eties. are welt known. 

[001 1 ] Further, ttie mettxxJ may be used to detect and localize sites of infection by a pathogen in an anin^l model, 

using ttie palhogen {e.g. Saimonelfa) conjugated to a light-generating nrx)iety as ttie entity. 

[001 2] In a related embodiment, ttie invention includes a noninvasive mettiod for detecting ttie level of a biooompat- 
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iWe entity in a mammalian subject over time. The method is similar to methods described above, but is designed to 
detect changes in the level of the entity in the subject overtime, without necessarily localizing the entity in the form of 
an imaga This n>ethod is paiUcularty useful for monitoring the effects of a therapeutic sutfstance, such an antibiotic on 
th ley/els of an entity such as a ligfTt-emitting bacterium, ever time. 

5 [001 3] In another embodiment the invention includes a noninvaave method for detecting the integration of a trans- 
gene in a mammalian subject. The method includes administering 1o the subject a vector constaid effective to inte- 
grate a transgene into mammalian cells. Such constructs are well known in the art. In addition to the elements 
necessary to integrate effectively, the construct contains a transgene (e.g. a therapeutic gene), and a gene encoding a 
light-generating protein under the control of a selected activatable promoter. After a period of lime in which the construct 

10 can achia/e integration, the pronnoter is activated. For example, if an interferon promoter is used, a poly-inosine and • 
cytosine duplex (poly-IC) can be locally administered (e.g. footpad injection) to stimulate interferon production. The sub- 
ject is then placed within the detection field of a photodetector device, such as an individual wearing light-lntensHying 
"right vision" goggles, and the level of photon emission is measured, or evaluated. H the level is above badcground 0 e. 
if light can be preferentially detected in the "activated" region), the subject is scoral as having integrated the transgene. 

15 (001 4] In a related embodiment the invention includes a noninvasive method for detecting the localization of a pro- 
moter-induction event in an animal made transgenic or chimeric lor a construct including a gene encocfing a light-gen- 
erating protein under the control of an inducible promoter. Promoter induction events include the administration of a 
substance which directly activates the promoter, the administration of a substance which stimulates production of an 
endogenous promoter activator (e.g, stimulation of interferon production by RMA virus infection), the imposition of con- 

20 ditions resulting in the procbjction of an endogenous promoter activator {e.g. heat shock or stress), and the like. The 
event is triggered, artd the animal is imaged as descrbed above. 

[001 5] In yet another embodiment the inversion includes pathogens, such as Salmonella, transformed with a gene 
expressing a light-generating protein, such as lucHerase. 

[0016] In another aspect the invention includes a method of identifying therapeutic compounds effective to inhibit 
25 spread of infectran by a pathogen. The method includes adntinistering a conjugate of the pathogen and a light-gener- 
ating moiety to control and experimental animals, treating the experimental animals with a putative therapeutic com- 
pound, localizing the light-emitting pathogen in both control and experimental animals by the methods describe above, 
and identifying the compound as therapeutic if the compound is effective to significantJy inhibit the spread or replk?atk>n 
of the pathogen in the experimental animals relative to control animals. The conjugates include a fluorescently-labeled 
30 antibodies, fluorescently-labeled particles, fluorescently^abeled small molecules, and the like. 

[0017] In still another aspect the inventk>n includes a method of kx^alizing entities corrugated to light-generating 
mdeties through media of varying opacity. The nrrethod includes the use of photodetector device to detect photons 
transmitted througjh the medium, integrate the photons over time, and generate an Image based on the integrated sig- 
nal. 

35 [001 8] In yet another embodiment, the invention includes a method of measuring the concentration of selected sub- 
stances, such as dissoh/ed oxygen or calcium, at specific sites in an organism. The method includes entities, such as 
cells, containing a concentration sensor - a light-generating molecule whose ability to generate light is dependent on 
the concentration of the selected substance. The entity containing the light^ena'ating molecule Is administered such 
that it adopts a substantially uniform distribution in the animal or in a specific tissue or organ system (e.^. spleen). The 

40 or^nism is imaged, and the Intensity and k>calizafion of light emission is corelated to the concentratk>n and location 
of the selected siibstance. Alternatively, tiie entity contains a second n^rker. such as a molecule capable of generating 
light at a wavelength other than the concentration sensor. The seoorKi martyr is used to normalize for any non-unrform- 
ities In the distribution of the entity in the host and thus permit a more accurate detemiination of the concentration of 
the selected substance. 

46 [0019] In another aspect the invention Includes a method of identifying therapeutk^ compounds effective to Inhibit 
the growth and/or the nr>etastatic spread of a tumor. The nDetiiod includes (i) administering tumor cells labeled with or 
containing light-generating moieties to grotps of experimental and control anin^ls, (ii) treating the eiq^erimental group 
with a selected conpound, (iii) localizing the tumor cells in animals from both groups by imaging photon emission from 
the light-generating molecules associated with the tumor cells with a photodetector device, and (iv) identifying a com- 

60 pound as therapeutic if the compound is able to significantiy inhibit the growth and/or metastatic spread of tiie tumor in 
the experimental group relative to the control group. 

[0020] These and other objects and features of the invention will be more fully appreciated when the following 
detailed description of the inventk)n is read In conjunction witii the aoconnpanying drawings. 

66 
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BRiEF DESCRIPTION OF THE RGURES 
[0021] 

5 Figures 1A, 1B and 1C show a map of the lux pCGLSI plasmid used to transform Safmoneffa strains SL1344. 
BJ66 and LB5000 to generate strains SL1344/yy. BJ66/ux and LB5000/t;x. 

Figures 2A-E show the resuHs of assays to m^sure adherence and invasion, by Salmonelia strains SL1344to 
and BJ66A;x, of macrophages and HEp-2 cells. Figure 2A shows luminescent bacterial cells localized in wells oi 
an assay dish. The pseudo-color image, obtained by imegrating photons over one minute, is superimposed over a 

10 gray scale image of the ass€^ dish, producing the "composite image" shown. Figure 2B shows the relative light 
intensity of wells that were not treated with genlamicin. Figure 2C shows the number of colony fonning units (CFU) 
per ml isolatal Irom the same wells as were imaged in Rgure 2B. Figure 2D shows the relative light imensity of 
wells that were treated with gentamidn. Rgure 2E shows the number of colony forming units (CFU) per ml isolated 
from the same wells as were imaged in Figure 2D. 

15 Figure 3A is a composite image of four glass capillary cubes containing dilutions of LB5000/t;x bacterial su^n- 
sions. Luminescence was determined by integrating over 30 seconds. Air pockets are present in each tube on both 
sides of the suspension. 

Figure SB depict the distribution of bioluminescence following intrapericoneal inoculation of wild-type SLi344/uy 
into mice. 

20 Figure 4 is a schematic diagram of a vial used to test the transmission of light generated by LB5000/yx through ani- 
mal tissue. 

Figures 5A-F show composite inrages of Balb/c mice orally inoculated with low virulence LBSOOO/ux (Figs. 5A-B). 
non-invasive BJSStux (Figs. 5C-D) and vinjient SL1344/iy>f (Rgs. 5E-F) Saimonelia, and imaged at the times indi- 
cated in the f^ure. The luminescence signal was integrated over 5 minutes. 
25 Figure 6 is a composite in^ge showing the distribution of Salmonefia in mice 32 hours following intraperitoneal 
(i.p.) injections with either virulem SL1344/L/;f (left two animals) or low virulence l_B5000/ux (right two animals) 
strains of the bacterium. 

Figures 7A and 78 show the distribution of virulent Salmonella in mice reastant to systemic Salmonella infections 
(129 X Balb/c. It/^, Figure 7A - day 1 . Figure 7B - day 8. 

30 Figures 8A-C show the distribution of mutant Salmonella with reduced virulence (BJ66/t/x) seven days following 
oral inoculation. Rgure 8A shows e)cternal. non-invasive imaging of the luminescence. Rgure 88 shows the same 
animal imaged following laparotomy. Labeled organs are C • cecum. L - liver. I - small intestine and Sp - spleen. 
Figure 8C shows a post-laparotomy image generated following Injection of air Into the lumen of the intestine both 
anterior and posterior to the cecum. 

36 Figures 9A. 98 and 9C show the distribution of Salmonella SL1344/i/x In susceptible Balb/c mice following intra- 
peritoneal inoculation with SL1344/t;x. Figure 9A was imaged prior to the opening of the peritoneal cavity. Figure 
92 was imaged after the opening of the peritoneal cavity, and Figure 9C was imaged after the cecum was pulled to 
the left side. 

Figures 10A-E show the effects of ciprofloxacin treatment on bioluminescence from SL1344A;y Salmonella in 
40 orally-inoculated mice. Figure 10A shows a graph of the relative t»oliinine^ence intensity, measured finom the 
abdominal area, as a function of time after Initiation of treatment, for treated and untreated animals. Figures 108 
and 1 0D show conposite images of mice 8 days after oral irxxjulation with SL1 344/tiy Salmonella, before treatment 
withdproflQxacin. Figures lOCand 10E show composite images of the sarrw mice 5.5 hours either following treat- 
ment (Fig. 10E) or control (no treatment; Rg. 10C). 

45 

DETAILED DESCRIPTION OF THE INVENTION 

I. Peflnittons 

60 [0022] Unless othenvise indicated, all terms used herein have tfie same meaning as they would to one skilled in the 
an of the present invention. 

[0023] Opaque medium is used herein to refer to a medium that is Iraditionall/' opaque, not necessarily absolutely 
opaque. Accordingly, an cpaque medium is defined as a medium that is commonly considered to be neither transparem 
nor translucert. and includes items such as a wood board, and flesh and skin of a nnamnral. 
65 [0024] Lxiciferase. urriess stated othenwise, includes prokaryotic and eukaryotic ludferases. as well as variants pos- 
sesgng varied or altered optical properties, such as luciferases that lunvnesce at wavelengths in the red range. 
[0025] DiocompatiUe entity is an entity that can be administered to a mammal. This includes pathogens which may 
be deleterious to the mammal. In reference to an animal whose cells contain a transgene expressing a light^eneraUng 
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prcjtein, bbcompattole entity relers to the transgene-containing cells comprising the mammal. 
[0026] Ught-generating is defined as capable of generating light through a chemical reaction or through the absorp- 
tion of radiation. 

[0027] [Jght is defined herein, unless stated otherwise, as electromagnetic radiation having a wavelength of 
5 between BboxA SCO nm and atx)ut 1 1 00 nm. 

[0028] Spread of infection typically refers to the spreading and colonization by a pathogen of host sites other than 
trie initial infection site. The tenn can also include, however, growth in size and/or number of the pathogen at the initial 
infection site. 

[0029] lux ' prokaryotic genes associated with lucHerase and photon emission. 
10 [0030] luc • eukaryotic genes associated with luctferase and photon emission. 

[0031 ] Promoter induction event refers to an event that results in the direct or indirect induction of a selected induc- 
ible promoter. 

[0032] Heterologous gene refers to a gene which has been transected into a host organlOT. Typically, a heterolo- 
gous gene refers to a gene that is not originally derived from the transfected or transformed ceils* genontic DNA. 

15 

II. General Overview of the Invention 

[0033] The present invention includes methods and compositions relating to nonnnvasive imaging and/or detecting 
of light-emitting conjugates in manvnalian subjects. The conjugates contain a biooompatiUe entity and a light-generat- 

20 ing moiety. BioconrtpatWe entities include, but are not limited to, small nwleoJes such as cyclic organic nrxjlecules; 
macromolecules such as proteins; microorganisms such as viruses, k>acteria, yeast and fungi; eukaryotic cells; all types 
of pathogens and pathogenic substances; and particles such as beads and liposomes. In another aspect, tMocompati- 
ble entities may be all or some of the cells that constitute the mammalian subject b«ng imaged. 
[0034] [Jght-emitting capability is confenred on the entities by the conjugation of a light-generating moiety. Such 

25 mweties include fluorescent molecules, fluorescent proteins, enzymatic reactions giving off photons and luminescent 
sutKtances. such as bioluminescent proteins. The oor^ucption way involve a chemical coupling st^. genetic engineer- 
ing of a fusion protein, or the transformation of a cell, microorganism or animal to express a bioluminescent protein. For 
example, in the case where the entities are the cells constituting the mammalian subject being imaged, the light-gener- 
ating moiety may be a bioluminescent or fluorescent protein ''conjugated" 1o the cells through localized, promoter-con- 

30 trolled expression from a vector construct introduced into the cells by having made a transgenic or chimeric animal. 
[0035] Light-emitting conjugates are typically administered to a subject by any of a variety of noethods, allowed to 
localize within the subject and inraged. Since the imaging, or measuring photon emission from the subject, nray last up 
to tens of minutes, the subject is usually, but not always, immobilized during the imaging process. 
[0036] Imaging of the light-emitting entities involves the use of a photodetector capable of detecting extremely low 

35 levels of light - typically single photon events - and integrating photon emission until an image can be cor^ucted. 
Examples of such sensitive photodetectors include dances that intensify the single photon events before the events are 
detected by a camera* and cameras (cooled, for example, with liquid nitrogen) that are capable of detecting single pho- 
tons over the background noise inherent in a detection system. 

[0037] Once a photon emission image is generated, it is typically superimposed on a "nornral" reflected light image 
40 of the sttoject to provide a frame of reference for the source of the emitted photons (i e- localize the ligfrt-enitting con- 
jugates with respect to the subject). Such a "conrposite' image is then analyzed to detennine the location and/or 
amount of a target in the suk^ect. 

[0038] The steps and embodiments outlined above are presented in greater detail, below. 
45 111. Uoht-Emittirw Entities 
A. Uaht-Generatina Moieties 

[0039] The light-generating nnoiedes (LQMs), molecules or constructs useful In the practice of the present invention 
50 may take any of a variety of fbnms. depending on the application. They share the characteristic that they are lumines- 
cent that is, that they emit electromagnetic radiation in ultraviolet (UV). visible and^or infra-red (IR) from atonns or mol- 
ecules as a result of the transition of an electronically excited state to a k)wer energy state, usually the ground state. 
[0040] Examples of light-generating moieties include photoluminescent molecules, such as fluorescent molecules, 
chemiluminescent compounds, phosphorescent cwnpourxis, and bioluninescent compounds. 
66 [0041] Two characteristics of LGMs that bear cor^erable relevance to the present invention are their size and 
their spectral properties. Both are discussed in the context of specific types of light-generating nK>ieties described 
below, foltowing a general discussion of spectral properties. 

[0042] 1 . Spectral Prop erties. An inportant aspect of the present invention is the selection of light-generating moi- 
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eties that produce light capaU of penetrating animal tissue such that H can be d tected externally in a non-invasive 
mann r. Tlie ability of light to pass through a medium such as animal tissue (composed mostly of water) is determined 
primarily by the lighfs intensity and wavelength. 

[0043] The more intense the fight produced in a unit volume, the easier the light will be to detect. The intensity of 
5 light produced in a unit volume depends on the spectral characteristics of individual LGMs. discussed below, and on the 
concentration of those moieties in the unit volume. Accordingly, conjugation schemes that place a high concentration of 
LGMs in or on an entity (such as high-efficiency loading of a liposome or high-level expression of a bioluminescent pro- 
ten in a cell) typically produce brighter light-emrtting conjugates (LECs), which are easier to detect through deeper lay- 
ers of tissue, than schemes which conjugate, for example, only a single LGM orrto each entity. 
10 [0044] A second facta governing the d^ectability of an LGM through a layer of tissue is the wavelength of the emit- 
ted light. Water may be used to approximate the absorption characteristics of animal tissue, since most tissues are 
composed primarily of water. H is well known that water transmits longer-wavelength light (in the red range) more readily 
than it does shorter wavelength light. 

[0045] Accordingly. LGMs which emit light in the range of yellow to red (550 • 1100 nm) are typically preferable to 

15 LGMs which en^ at shorter wavelengths. Several of the LGMs discussed below emit in this range. However, it will be 
noted, based on experiments perfomried in support of the present invention and presented below, that excellent results 
can be achieved in practicing the present invention with LGMs that emit in the range of 486 nm. despite the fact that this 
is not an optimal emission wavelength. These results are posstole, in part, due to the relatively high concentration of 
LGMs (luciferase molecules) present in the LECs (transformed Salmonella cells) used in these experiments, and to the 

20 use of a sensitive detector. It will be understood lhat through the use of LGMs with a more optimal emission wavelength, 
similar detection results can be obtained with LGEs having lower concentrations of the LGMs. 
[0046] 2. Fluorescence-based Moieties . Fluor-escence is the luminescence of a sttistance from a single electron- 
ically excited state, which is of very short duration after renrwwal of the source of radiation. The wavelength of the emit- 
ted fluorescence light is longer than that of the exciting illumination (Stokes' Law), because part of the exciting light is 

25 converted into heat by the fluorescent nx)lecule. 

[0047] Because fluorescent molecules require input of light in order to luminesce, their use in the present invention 
may be more complicaled than the use of bioluminescent molecules. Precautions are typically taken to shield the exci- 
tatory light so as not to contaminate the fluorescence photon signal being detected from the subject. Obvious precau- 
tions include the placement of an excitatton filter, such chat employed in fluorescence microscope, at the radation 

so source. An appropriately-selected excitation fitter bk)cks the majority of photons having a wavelength similar to that of 
the photons eirttted by the fluorescent moiety. Similarly a barrier f iHer is emptoyed at the detector to saeen out most of 
the photons having wavelengths other than that of the fluorescence photons. Filters such as those described above can 
be obtained from a variety of commercial sources, including Omega Optical. Inc. (Brattleboro, VT). 
[0048] Atternatively, a laser producing high intensity light near the appreciate eolation wavelertgth. but not near 

35 the fluorescence emission wavelength, can be used to excite the fluorescent moieties. An x-y translation mechanism 
may be employed so that the laser can scan the subject, for example, as in a conlocal microscope. 
[0049] As an additior^ precautk)n, the radiation source can be placed behind the sU^ect and shielded, such that 
the only radiation photons reaching the sKe of the detector are those that pass all the way through the subject Further- 
more, detectors may be selected that have a reduced sensitivity to wavelengths of light used to excite the fluorescent 

40 moiety. 

[0050] Through judick>us application of the precautions above, the detectk)n of fluorescent LGMs according to 
methods of the present Invention is possible. 

[0051] nuorescem moieties include small fluorescent molecules, such as f luorescdn, as well as fluorescent pro- 
tons, such as green fluorescent protein (ChaKie, ef a/.. 1994, Science 2^:802.806.. Morin and Hastings, 1971, d Cell. 
45 PhysfoL ZZ:313) and lumazine and yellow fluorescent proteins (O'Kane. etaf., 1991, PNAS §6:1 100-1 104, Daubn^. et 
aL. 1987. PNAS M:891 2-891 6). In addition, certain colored proteins such as fen-edoxin IV (Grstoau, a/. . 1991 . J Bk>! 
Chem. 2fifi:3294-3299), whose fluorescence characteristics have not been evaluated, may be fluorescent and thus 
applicaUe for use with the present invention. Fen-edoxin IV is a particulariy promising candidate, as it has a reddish 
color, indicating that it may fluoresce or reflect at a relatively long wavelengm and produce light that is effective at pen- 
so etrating tissue. Furthermore, the moleciie is small for a protein (95 amino acids), and can thus be conjugated to entities 
with a minimal impact on their function. 

l(tQS2] An advantage of snriall fluorescent molecules is that they are less likely to interfere with the bioactivity of the 
entity to which they are attach^ than a would a larger light-generating moiety. In addition, commercially-available fluo- 
rescent molecules can be obtained with a variety of excitation and emission spectra that are surtaUe for use with the 
66 present invention. For example. Molecular Probes (Eugene. OR) sells a number of f luorophores, including Lucifer Yel- 
low (abs. at 428 nm, and emits at 535 nm) and Nile Red (abs. at 551 nm and emits at 636 hm). Further, the molecules 
can be obtained derrvaiized with a variety of groi^ss for use with various conjugation schemes (e.^. from Molecular 
Probes). 
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[0053] 3. Biduminescenoe-based Moieties . The subjects of chemiluminescence (luminescence as a resutt f a 
chemical r action) and bioluminescence (visbl luminescenc from living nganisms) hav , in many aspects, been 
thoroughly studied (e.^.. Campbell. 1988. Chemiluminescence. Prino ples and Applications in Bioloov and Medicine 
(Chichester. England: Ellis Honvood Ltd. and VCH Verlagsgesellschaft mbH)). A brief ajmmary of salient features fol- 

5 lows. 

[0054] Bidumi nescent molecules are distingui^ed from fluorescent molecules in that they do not require the irput 
of radiative energy to emit light. Rather, bioluminescent molecules utilize chemical energy, such as ATR to produce 
light An advantage of bioluminesceit moieties, as opposed to fluorescent moieties, is that there is virtually no back- 
ground in the signal. The only light detected is light that is produced by the exogenous bioluminescent moiety. In con- 
10 trast. the light used to excite a fluorescent molecule often results in the fluorescence of substances other than the 
intended target. This is particUarly true when the tjackground" is as connplex as the internal environment of a living 
animal. 

[0056] Several types of bioluminescent molecules are known. They include the ludfer^ family (e.g. Wood, et aL, 

1989, Science 244:700-702) and the aequorin family {e.g. Prasher. ef aL, Biochem, 1326-1332). Members of the 
IS ludferase family have been identified in a variety of prokaryotic and eukaryotic organisms. Luciferase and other 

enzymes involved in the prokaryotic luminescent (lux) systems, as well as the con-esponding !ux genes, have been iso- 
lated from marine bacteria in the Vibrio and Photobacterium genera and from ten'estrial bacteria in the Xenorhabdus 
genus. 

[0056] An exemplary eukaryotic organism containing a luciferase system (fuc) is the North American firefly Photi- 
20 nus pyrah's. Firefly luciferase has been extensively studied, and is widely used in ATP assays. cDNAs encoding luci- 
ferases from Pyrophorus piagiophthalamus, another species of click beetle, have been cloned and expressed (Wood, 
ef a/.. 1989, Science 244:700-702). This beetle is unusual in that different members of the spedes emit biolumines- 
cence of different colors. Four classy of clones, having 95-99% homology with each other, were isolated. They emit 
light at 546 nm (green), 560 nm (yeikjw-green). 578 nm (yellow) and 593 nm (orange). The last class (593 nm) may be 
25 particularly advantageous for use as a light-generating nraety with the present invention, because the emitted light has 
a wavelength that penetrates tissues wore easily than shorter wavelength light 

[0057] LucHerases, as well as aequorln-like molecules, require a source of energy, such as ATP, NAD(P)H. and the 
like, and a substrate, such as ludferin or coelentrizine and oxygen. 

[0058] The substrate luciferin must be sif^plied to the luciferase enzyme in order for it to luminesce. In those cases 
30 where a luciferase enzyme is Introduced as an expression product of a vector containing cDNA encoding a iux luci- 
ferase. a convenient method for providing luciferin is to express not only the luciferase but also the biosynthetic 
enzymes for the synthesis of luciferin. In cells transformed with such a construct oxygen is the only extrinsic r^uire- 
ment for bioluminescence. Such an approach, detailed in Example 1, is empteyed to generate /ifx-transfbrmed 
Salmonella, which are used in experiments performed in support of the present invention and detailed herein. 
36 [0059] The plasmid construct encoding the lux operon obtained from the soil bacterium Xenorhabdus luminescens 
(Frackman. et al„ 1 990. d Bad. 172:5767-5773). confers on transfbnmed E colt the ability to emrt photons through the 
expression of the two subunits of the heterodimeric luciferase and three accessory proteins (Rackman, et ai., 1990). 
Optinal biolLininescence for £. Cdi expressing the lux genes of X. luminescens is obsen^ed at 37'C (Szrttner and 
Meighen, 1990, J. Biol Chem. 285:16581-16587. Xi. ef a/., 1991. d Bact. 1^:1399-1405) in contrast to the kjw tem- 
40 perature optima of lucrferases from eukaryotk; and other prokaryotk; luminescent organisms (Canr^ell, 1 988, Chemi- 
luminefioence. Prindnles and Applicationfi i n Bioloov and Medicine fChichester. England: Ellis Horwood Ud. and VCH 
Verlagsgeseltecfiaft mbH)). The lucHerase from X. luminescens, therefore, is well-suited for use as a marker for studies 
in animals. 

[0060] Luciferase vector constructs such as the one described above and in Example 1 , can be adapted for use in 
45 transfbrnring a variety of host cells, including vnosA bacteria, and many eukaryotic cells [tuc constructs). In addition, cer- 
tain viruses, such as herpes virus and vaccinia virus, can be genetically-engineered to express luciferase. For exanple, 
Kovacs Sz. and Mettenlieter. 1 991 . J. Gen, Vtrol. 2^:2999^08, teach the stable expressk>n of the gene encoding firefly 
ludferase in a herpes virus. Brasier and Ron. 1992. Meth. in EnzymoL glfi:386^96. teach the use of lucHerase gene 
constructs in mammalian cells. Ludferase expression from mammalian cells in culture has been studied using CCD 
60 imaging both macroscopfcally (Israel and Honignrwn. 1991. Gene 1M:139-14S) and microscopically (Hooper, et aL 

1990, d Biolum, and Chemilum. 5:123-130). 

B. Entities 

66 [0061 ] The invention includes entities which have been modified or conjugat«J to include a light-generating moiety, 
construct or molecule, such as described above. Such conjugated or modified entities are refen^ed to as light-emitting 
entities, light-emitting conjugates (LEGs) or simply conjugates. The entities themselves may take the form of. for exam- 
ple, molecules, nnaaomolecules, particles, microorganisms, or cells. The r^ethods used to conjugate a light-generating 
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moiety to an entity depend on the nature of the moiety and the entity Exemplary conjugation methods are discussed in 
the context of the entities described below. 

[0062] 1. Sn^ll molecules . Small nxjlecule entities which may be useful in the practice of the pres«Tt invention 
include compounds which specif ically interact with a pathogen or an endogenous ligand or receptor. Examples of such 

5 molecules include, txJt are not limited Id. drugs or therapeutic compounds; toxins, such as those present in the venoms 
of poisonous organisms, including certain ^^edes of spiders, snakes, scorpions, dinoflagellates, marine snails and bac- 
teria: growth factors, such as NGF. FDGf, TGF and TNF; cytokines: and bioactive peptides. 
[0063] The small molecules are preferably conjugated to light-generating moieties that interfere only minimally, if at 
all. wHh thebioactivity of the small molecule, such as small fluorescent molecules (described above). Conjugations are 

10 typically chemical in nature, and can be performed by any of a variety of m^hods known to those skilled in the art. 
[0064] The small nx>lecule entity may be synthesized to contain a light-generating moiety, so that no forn^l conju- 
gation procedure is necessary. Alternatively, the small molecule entity may be syrthesized with a reactive group that 
can react witii the light generating nroiety, or vice versa. 

[0065] Small nwlecules conjugated to light-generating moieties of tfie present invaition may be used either in ani- 
15 mal nrodels of human conditions or diseases, or directly i n human su^ects to be treated. For example, a small nrrolecule 
which binds with high affinity to receptor expressed on tumor cells may be used in an animal model to localize and 
obtain size estimates of tumors, and to nwnitor changes in tumor growth or metastasis following treatment with a puta- 
tive therapeutic agent Such molecules may also be used to monitor tumor characteristics, as descrBDed above, in can- 
cer patients. 

20 [0066] 2. Macromolecules. Macromolecules, such as polymers and biopolymers, constitute another example of 
entities useful in practicing ttie present invention. Exemplary macromolecules include antibodies, antibody fragments, 
fusion proteins and certain vector constructs. 

[0067] Antbodies or antibody fragments, purchased from commercial sources or made by methods known in the 
art (Hartow, et al,, 1988. Antibodies: A Uboraton^ Manual. Chapter 10. pg. 402. CoW Spring Harbor Press), can be 
25 used to localize their antigen in a manmalian subject by conjugafing the antftxxiies to a light-generating moiety, admin- 
istering the conjugate to a subject biy, for example, injection, allowing ttie conjugate to localize to the site of tine antigen, 
and imaging the conjugate. 

[0068] Anttoodies and antibody fragments have several advantages for use as entities in tiie present invention. By 
their nature, they constitute their own targeting moieties. Further, their size makes them amerce to conjugation with 
30 several types of light-g^eratirig moieties, including small fluorescent molecules and fluorescent and bkHuminescent 
proteins, yet allows them to diffuse rapidly relative to. lor example, cells or liposomes. 

[0069] The light-generating moieties can be conjugated directiy to tiie antbodies or fragments, or indirectly by 
using, tor example, a fluorescent secondary antibody. Direct conjugatton can be acoomplishal by standard chemical 
coupling of, tor example, a f tiorophore to the antft>ody or antibody fragment or tfirough genetic engineering. Chimeras. 

35 or fusion proteins can be constaict^ which contain an arrttoody or antibody fragment coupled to a fluorescent or bio- 
luminescent protein. F6r exanrple. Casadei. et al., 1990. PNAS SZ:2047-2051. describe a method of making a vector 
construct capable of expressing a fuskxi protein of aequorin and an antibody gene in mammalian cells. 
[0070] Conjugates containing antSxxlies can be used in a number of applcattons of the present invention. For 
example, a labeled antibody directed against E-selection. whteh is expressed at sites of inflammation, can be used to 

40 localize the inflammation and to monitor the effects of putative anti-inflammatory agents. 

[0071] Vector constructs by themselves can also constitute macromdectiar entities applicable to tiie present inven- 
tion. For example, a eukaryotic expression vector can be constructed which contains a therapeutic gene and a gene 
encoding a light-generating molecule under the control of a selected promoter (i.e. a promoter whfch is expressed in tiie 
cells targeted by \he therapeutic gene). Expressfon of the light-generating molecule, assayed uang methods of the 

46 present invention, can be used to determine the location and level of expression of tiie therapeutic gene. This approach 
may be particularly useful in cases where the expression of the therapeiitk; gene has no immediate phenotype in the 
treats incivkilual or animal nxxJel. 

[0072] 3. Viruses . Another entity useful for certain aspects of the invention are viruses. As many viruses are path- 
ogens which infect mammalian hosts, the viruses may be conjugated to a light-generating moiety and used to study tiie 
60 Ntial she and spread of infection. In addition, viruses labelaJ wHh a fight-generating moiety may be used to screen fbr 
drugs which inhibrt the Infection or the spread of infection. 

[0073] A virus may be labeled indirectly, either with an antibody conjugated to a light-generating moiety, or by. for 
exanple. biodnyiating virions (e.^. by tiie method of Dhawan. ef a/.. 1 991 . */. tmmunoL 14Z(1 ):1 02) and then exposing 
them to streptavidin linked to a detectaUe moiety, such as a fluorescent molecule. 
6s [0074] AHernatively. virions may be labeled directiy with a f luorophore like rliodamine. using, for example, the meth- 
ods of Fan, ef ai., 1992, J, Clin. Micro. M4):905. The virus can also be genetically engineered to express a light-gen- 
erating protein. The genomes of certain viruses, such as herpes and vaccinia, are large enough to acconmodate genes 
as large as the ft;x or tuc genes used In expa'iments perfomied in support of tiie present invention. 
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[0075] Labeled virus can be used in animal mod Is to localize and monitor the progression of infection, as well as 
1 screen for da^ ffective to inhibit the spread of infection. For example, while h rpes virus infections are manifested 
as sWn lesions, this viajs can also cause herpes encephalitis. Such an infection can be localized and monitored using 
a virus labeled by any of the methods descrtoed above, and various antiviral agents can be tested for efficacy in central 

5 nervous system (CNS) infediorK. 

[0076] 4. Particles Particles, including beads, liposomes and the like, constitute another entity useful in the practice 
of the present invention. Dug to their larger size, particles rrwy be conjugated with a larger nuntoer of light-generating 
molecules than, for example, can small molecules. This results in a higher concentration of light emission, which can 
be detected using shorter exposures or through thicker layers of tissue. In addition, liposomes can be constructed to 

10 contain an essentially pure targeting moiety, or ligand. such as an antigen or an antibody, on their surface. Further, the 
liposomes may be loaded with, for example, bioluminescent protein nnolecules. to relatively high concentrations (Camp- 
bell. 1988. Chemiluminescence. Princides and Applications In Biology and Medicine (Chichester. England: Ellis Nor- 
wood Ltd. and VCH Verlagsgesellscr^ft mbH)). 

[0077] Furttiermore. two types of liposomes may be targeted to the same cell type such that light is generated only 
15 when both are present. For example, one liposome may can-y luciferase, while the other caries ludferin. The l?x)somes 
may carry targeting moieties, and the targeting moieties on the two liposomes may be the same or different. Viral pro- 
teins on infected cells can be used to identify infected tissues or organs. Cells of the immune system can be localized 
using a single or multiple cell surface markers. 

[0078] The lipoKimes are preferably surface-coated, e.g., by incorporation of phospholipid - polyethyieneglycol 
20 conjugates, to extend bkxwJ circulation time and allow for greater targeting via the btoodstream. Liposomes of tiiis type 
are well Krkown. 

[0079] 5. CM& Cells, both prokaryotic and eukaryotic, constitute another entity useful in the practice of the present 
inventkxi. Like particles, c^ls can be toaded with relatively high concentrations of light-generating moieties, t>ut have 
the advantage that the light-generating moieties can be provided by, for example, a heterotogous genetic cor^str uct used 
25 to transfect the cells. In addition, cells can be selects that express "targeting moieties", or molecules effective to target 
them to deared locations within the subject AHematively. the cells can be transfected with a vector construct express- 
ing an appropriate targeting moiety. 

[0080] The cell type used depends on the application. For example, as is detailed below, fcacterial cells, such as 
Saimoneila, can be used to study the infective process, and to evaluate the effects of drugs or therapeutic agents on 

30 the infective process with a high level of temporal and spatial resolution. 

[0081 ] Bacterial cells constitute effective entities. For example, they can be ^ly transfected to express a high lev- 
els of a light-generating moiety, as well as high levels of a targeting protein. In addition, it is posstole to obtain E coli 
libraries containing bacteria expressing surtaoe-bound antbodies which can be saeened to Wentify a colony express- 
ing an antibody against a selected antigen (Stratagene. La Jolla. C/^. Bacteria from this colony can then be trans- 

36 formed with a second plasmid containing a gene for a light-generating protein, and transformants can be utilized in the 
methods of the present inventton. as described above, to localize the antigen in a mammalian host. 
[0082] Pathogeny bacteria can be conjugated to a li^-generating moiety and used in an aninnal nrodel to follow 
the infection process in vitro and to evaluate potential anti-infective dnjgs. such as new antibiotics, for their efficacy in 
inhil>iting the infection. An example of this applicalk>n is illustrated by experiments performed in support of the present 

40 invention and detailed below. 

[0083] Eukaryotic cells are also useful as entities an aspects of the present invention. Appropriate ewresston vec- 
tors, containing desired regiiatory elements, are commercially available. The vectors can be used to generate con- 
structs capable of expressing desired light-generating proteins In a variety of eukaryotfc cells, including primary culture 
cells, somatic cells, lymphatic cells, etc The cells can be used in transient expression studies, or, in the case of cell 

46 lines, can be selected for stable transformants. 

[0084] Expressk)n of the light-generating protein in transformed cells can be regulated using any of a variety of 
selected pronrwters. For example, if the cells are to be used as light-emitting entities targeted to a site in the sU^ect by 
an expressed ligand or receptor, a constilutively-active promoter, such as the CMV or SV40 promoter may be used. 
Cells transformwJ ¥wth such a constioict can also be used to assay for compounds that inhibit light generation, for exam- 

60 pie. by killing the cells. 

[0085] Alternatively, the transformed cells may be administered such they become unrformty distributed in the sub- 
ject, and express tiie light-generating protein only under certain oondrtions, such as upon Infection by a virus or stimu- 
lation by a cytokine. Promoters that respond to factors associated witii tiiese and other stimuli are known in the art. In 
a related aspect inducible promoters, such as the Tet system (Gossen and Bujard, 1992. PNAS 39:5547-5551) can be 
£5 us^ to transientty activate expression of the light^enerating protein. 

[0086] For example, CD4+ lymphatic cells can be transformed with a consti-uct containing tat-responsive HIV LTR 
elements, and used as an assay for infection by HIV (Israel and Honigman. 1991, Gene 1M:129-145). Cells trans- 
formed with such a construct can be introduced into SCID-hu mlce(McCune,e/a/., 1988. Sconce 241:1682-1629) and 
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used as mcxiel for human HfV infection and AIDS. 

[0087] Tumor cell lines transformed as above, for example, with a constitutively-active promoter, may be used to 
monitor the growth and metastasis of tumors. Transformed tumor cells nray be injects into an aninr^ model, allowed 
to form a tumor mass, and the size and metastasis of the tumor mass nrx>nitDred dulng treatment with putative growth 
5 or nnetastasis inhbHors. 

[0088] Tunrror cells may also be generated from cells transfonned with constructs containing reguiatable prorrxjters, 
whose activity is ser^Ve to various infective agents, or to therapeutic compounds. 

[0089] 6. Cell Transformation . Transformation methods for both prokaryotic cells and eukaryotic cells are well 
kr>own in the art (Sambrook, et aJ,. 1989. In Molecular aonina: A Labora tory Manual. Cdd Spring Harbor Laboratory 
10 Press. Vol. 2). Vectors containing the appropriate regulatory elen^ents and multiple cloning sites are widely commer- 
cially available (e.g. Stratagene, La Jdla, CA, Clontech, Pato Alto, CA). 

IV. TrarTsaenic Animals Containing Genes Encodna Liaht-Genera tinq Proteins 

IS [0090] In another aspect, the present invention includes transgenic aninnals containing a heterologous gene con- 
struct encoding a light-generating protein or complex of proteins. The construct is driven by a selected promoter, and 
can include, for example, various accessory proteins required for the functional expression of the light-generating pro- 
tein, as well as selection markers and enhancer elements. 

[0091] Activation of the promoter results in increased expression of the genes encoding the light-generating mole- 
20 cules and accessory proteins. Activation of the pronrKrter is achieved by the Interaction of a selected biocompatible 
entity, or parts of the entity, with the promoter elements. If the activation occurs only in a part of the animal, only cells in 
that part will express the light-generating protein. 

[0092] For example, an interferon-inductole promoter, such as the pronrwler for 3'-5* poly- A synthetase, can be used 
to detect the infection of transgenic cells by a number of different RNA viruses. 
25 [0093] In a related aspect a promoter expressed in certain disease states can be used to mai1< affected areas in a 
transgenfc animal, and expression of the light-generating moiety can be used to monitor the effects of treatnDents for 
the disease state. For example, E-seleclkxi is expressed at sites of inflanvnatran in vivo (Pober and Cotran, 1991, Lab. 
Invest fi4:301-305). Accordingly, the E-selection pronrK>ter can be isolated and used to drive the expressk>n of a luci- 
ferasegene. 

so [0094] It is also pos^ble to use methods of the inventkxi with tissue-specific promoters. This enables, for example, 
the screening of compounds whtoh are effective to inhibit pathogenic processes resulting in the degena'ation of a par- 
ticular organ or tissue in the body, and permrts the tracking of cells (e.g. neurons) in, for example, a developing aninnl. 
[0095] Many pronraters which are applicable for use with the present invention are krwwn in the art. In addition, 
methods are known for isolating promoters of ctoned genes, using infbnnation from the gene's cDNA to isolate pre- 
ss moter-containing genomic DMA, 

V. Imaffina of Uaht-Emittina Conjugates 

[0096] Light enitting conjugates that have localized to their intended sites in a subject may be imaged in a number 
40 of ways. Guidelines for such ima^ng, as well as ^>ecific examples, are described bekTW. 

A. Localizatkyi of Liaht-Emitlinp Coniuoates 

[0097] In the case of largeted" entities, that is. entities whteh contain a targeting moiety - a molecule or feature 
46 designed to tocalize the entity witiiin a subject or animal at a particular site or sites, localization refers to a state when 
an equilibrium between bound, "localized" and unbound, "free" entities within a subject has been essentially achia^ed. 
The rate at wrtiich such an equilibrium is achieved depends upon the route of administration. For example, a conjugate 
adnrinislered by intravenous injection to localize tiirombi may achieve tocalization. or accumulation at the ttirombi, 
within ninutes of injectioa On the other hand, a conju^te administered orally to localize an infectton in the intestine 
60 nrtay take hours to acfiieve localizatk>n. 

[0098] Alternatively, localization may simply refer to tiie location of the entity witHn the subject or aninral at selected 
time periocfe after the entity is administered. For example, in experiments detailed herein, Salmonefia are adntinistered 
(e.0., orally) and their spread is foltowed as a function of tima In this case, the entity can be "focalized" immecSatety 
following the oral introduction, inasmuch as it marks ttie initial location of the administered bacteria, and its subsequent 
65 Spread or recession (also localization*^ may be followed by imagpng. 

[0099] In a related aspect, k)caliza1ion of. lor exanrY)le, injected tumors cells expressing a light-generating moiety, 
may consist of the cells colonizing a site witiiin the animal arid forming a tumor mass. 

[0100] By my of another exanple. localization Is achieved whoi an entity becomes distributed following adminis- 
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tration. For example, in the case of a conjugate administered to measure the oxygen concentration in various organs 
throughout the subject or animal, the conjugate become "localized", or informative, when it has achieved an essentially 
steady-state of distribution in the subject or animal. 

[0101] In all of the above cases, a reasonable estimate of the tim to acNeve localizafion may be mad by one 
5 skilled in the art. Furthermore the state of localization as a function of lime may be followed by imagirrg the light-ennit- 
ting conjugate according to the methods of the Invention. 

B. Photodetector Devices 

10 [01 02] An important aspect of the present invention is the selection of a photodetector device with a high enough 
sensitivity to enable the imaging of faint light from within a mammal in a reasonable anrount of time, preferably less than 
at>out 30 nrtinutes, and to use the signal from »jch a device to construct an image. 

[0103] In cases where it is possible to use light-generating moieties which are extremely bright, and/or to detect 
light-emitting conjugates localized near the surface of the subject or animal being imaged, a pair of "night-vision*' gog- 
15 gles or a standard high-sensitivity video camera, such as a Silicon Intensified Tube (SIT) camera (e.g. Hamamatsu Pho- 
tonic Systems, Bridgewater, NJ), may be used. More typically, however, a more sensitive method of light detection is 
required. 

[0104] In extremely low light levels, such as those encountered in the practice of the present invention, the photon 
flux per unit area becomes so low that the scene being imaged no longer appears continuous. Instead, it is represented 
20 by individual photons which are both temporally and spatially distinct form one another. Viewed on a monitor, such an 
image appears as scintillating points of light, each representing a single detected photon. 

[01 05] By accumulating these detected photons in a digital image processor over tin^e. an image can be acquired 
and constructed- In contrast to conventional cameras where the signal at each image point is assigned an intensity 
value, in photon counting irrraging the amplrtude of the signal can'ies no significance. The objective is to simply detect 
25 the presence of a signal (photon) and to count the occun-ence of the signal with respect to its position over time. 

[01 06] At least two types of photodetector devices, described below, can detect individual photons and generate a 
signal which can be analyzed by an image processor. 

[0107] 1 . Reduced-Noise Photodetection Devices. The first class constitutes devices which achieve sensitivity by 
reducing the background noise in the photon detector, as opposed to amplifying the photon signal. Noise is reduced 

30 primarily by cooling the detector an-ay. The devices irx:lude charge coupled device (CCD) cameras referred to as "back- 
thinned", cooled CCD cameras In the nnore sensitive instruments, the cooling is achieved using, for example, liquid 
nitrogen, which brings the tenrperature of the CCD array to approximately -1 20*'C. The "backthinned" refers to an ultra- 
thin backplate that reduces the path length that a photon follows to be detected, thereby inaeasing the quantum effi- 
ciency. A particularly sanative backthinned cryogenic CCD camera is the "TECH 512". a series 200 camera available 

35 from Photometries, Ltd. (Tucson. AZ). 

[01 08] 2. Photon Amplification Da/ices. A second dass of sensitive photodetectors includes devices which amplify 
photons before they hit the detection saeen. TWs dass includes CCD cameras with intensif iers, such as microchannel 
intenafiers. A microchannel intensifier typically contains a nnetal anray of channels perpendicular ft> and oo-extensive 
with tiie detection screen of the camera. The microchannel array is placed between the ean^le, subject, or animal to 

40 be lodged, and the camera. Most of the photons entering the channels of the array contact a ade of a channel before 
exiting. A voltage applied across the array results in the release of many electrons from each photon collision. The elec- 
trons from such a collision exit their channel of origin In a "shotgun" pattern, and are detected by the camera. 
[01 09] Even greater sensitivity can be achieved by placing intensifying miaocfwinel arrays in series, so ttiat elec- 
trons generated in the first stage in turn result in an amplified agnal of electrons at the second stage. Increases in sen- 

4£ sttivtty. however, are achieve at the expense of spatial resolution, which decreases with each additional stage of 
amplification. 

[0110] An exemplary ni^crochannel Intensifier-based single-photon detection device is the C2400 series, available 
from Hamamatsu. 

[Oil 1] 3. Image Processors . Signals generated Iv photodetector devices which count photons need to be proc- 
60 essed t>y an innage processor in order to constojct an image which can t>e, for example, displayed on a monitor or 
printed on a video printer. Such image processors are tyjwcally sold as part of systenris which include the sensitive pho- 
torvcounting cameras described above, and accordingly, are available from the same sources (&g. Photometries, Ltd., 
and Haman^u). Image processors from other vendors can also be used, but wotb effort is generally required to 
achieve a fmctional system. 

66 [0112] The image processors are usually connected to a personal computer, such as an IBM-compatible PC or an 
Apple Macintosh (Apple Computer. Cupertino. CA). which may or may not be included as part of a purchased imaging 
system. Once tiie images are m the forni of digital files, lh^ can be manipulated by a variety of innage procesting pro- 
grams (such as "ADOBE PHOTOSHOP". Adobe Systems, Adobe Systems, fyflt. View. CA) and printed. 
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C. Immobilizina SUbiect in Detection Held of Device 

[01 13] 1 . Detection Held of Device . The detection lieW of the device is defined as the area from which consistent 
measurements d photon emission can be obtained. In the case of a camera using an optical lens, the detection field is 
5 simply the field of view accorded to the camera by the lens. Similarly, if the photodetector device is a pair of "night 
vision" goggles, the detection field is the field of view of the goggles 

[0114] AHernatively. the detection field may be a surface defined by the ends of ftoer-optic cables arrar^ged in a 
tightly-packed an-ay The array is constructed to maximize the area covered by the ends of the cables, as opposed to 
void space between cables, and placed in dose proxinnity to the subject. For instance, a dear material such as plex- 
10 i^ass can be placed adjacent the subject and the an'ay fastened adjacent the clear material, opposite from the subject. 
[01151 The fiber-optic cable ends opposite the an-ay can be connected directly to the detection or intensifying 
device, such as the input end of a microchannel intensifier. eliminating the need for a lens. 

[Oil 6] An advantage of this method is that scattering and/or toss of photons is reduced by eliminating a large part 
of the air space between the sdt^ect and the detector, arxl/or by elinninating the lens. Even a high-transmission lens. 
15 such as the 60 mm AF Nikkor macro lens used in experiments performed in support of the present invention, transmits 
only a fraction of the light reaching the front lens element 

[0117] With higher-intensity LGMs. photodiode an-ays may be used to measure photon emission. A photodiode 
array can be incorporated into a relatively flexible sheet enabling the practittoner to partially Wrap" the array around 
the subject This approach also minimizes photon loss, and in addition, provkles a means of obtaining three-dimen- 
20 sional images of the bioluminescence. 

[0118] Other approaches may be used to generate three<linf^nsk>nal images, including muHiple detectors placed 
around the sul::tject or a scanning detector or detectors. 

[0119] ft will be understood that the entire animal or subject need not necessarily be in the detection field of the 
photodecection device. For example, if one is measuring a light-emitting conjugate known to be k>calized in a particular 
25 region of the subject, only light from that regpon, and a sufficient sun^unding "dark" zone, need be measured to obtain 
the desired information. 

[0120] 2. Immobilizing the Subject In those cases where it is desired to generate a two<Jimensk>nal or three- 
dimensional image of the subject, the subject may be immobilized in the detection field of the photodecectton devices 
during the period that photon emission is being measured. H the signal \s suffidently bright that an irrage can be con- 
so structed from photon emission measured in less than about 20 milliseconds, and the sU^ed is not particularly agitated, 
no special imnrwbilization precautions may be required, except to insure tiiat tiie subjed is in the field of the detection 
devk» at the start of the measuring perkxi. 

[0121 ] If. on tiie other hand, tiie photon emission nr)easurement takes kjnger than about 20 nf«ec. and the subject 
is agitated, precautions to insure immobilization of the subjed during photon emisston nrteasurerrwrn. commensurate 

36 with tiie degree of agitation of the subject need to be correkiered to preseve the spatial information in the constaicted 
image. For exarrple. in a case where the suk^ed is a person and photon emisston n^easurenoent time is on tine order of 
a few seconds, the suk^ecl may simply be asked to remain as still as possWe during photon emission meaojrement 
(imaging). On the other hand, H the subjed is an animal, such as a mouse, the subjed can be immobilized using, for 
example, an anesthetic or a mechanical restraining devtoe. 

40 [0122] A variety of rBStraining devices may be oonstruded For exanr^le. a resti^ir^ng devtoe effedive to immobilize 
a mouse for tens of seconds to minutes may be built by fastening a plexiglass sheet over a loam cushion. The cushion 
has an indentatfon for the animal's head at one end. The animal is placed under the plexiglass such that Hs head is over 
the indentation, allowing it to breathe freely, y^ the nnovemeni of its body is constrained by the foam cushion. 
[0123] In cases where H is desired to measure only the total anrount of light emanating from a sui:Hed or animal, 

46 the subjed does not necessarily need to be immobilized, even for long periods of photon emisston measurements. All 
that is r^uired is that the subjed be confined to the detection field d the photodetector during imaging. H will be appre- 
dated. however, that immobilizing the subjed during such meaairing nnay improve the consistency of results obtained, 
because the tiiickness of tissue tiirough which deteded photons pass will be more unHorm from animal to animal. 

60 D. Furtha- Considerations Purina Imaaina 

[0124] 1 . Fluorescent Uoht-Generatino Moieties . The visualization of fluorescent light-generating moieties requires 
an exdtation light source, as well as a photodetector. Furtiiermore. it v«ll be urKlerstood tiiat the excitation light source 
is turned on during the measuring of photon emisston from the light-generating nroiety. 
65 [0125] Appropriate selection of a f luorophore. placement of the light source and selection and placenwnt of fitters, 
all of whtoh fadlitate the construction of an infonnatrve image, are discussed above, In the section on fluorescent light- 
generating moieties. 

[0126] 2. High-Resdutton Imaging . Photon scattering bytissuelinriits the resolulton that can be obtained by inraging 
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LGMs through a measurement oJ total photon emission, (t will be understood that the present invention also includes 
embodiments in which the light-generation of U3Ms is synchronized to an external source which can be focused at 
selected points within the sutDjecl. but which cJoes not scatter significantly in tissue, allowing the construction of higher- 
resolution images. For example, a focused ultrasound signal can be used to scan, in three dimensi ns. the subject 
5 being imaged. Light-generation from areas which are in the focal point of the ultrasound can be resolved from other . 
photon emission tiy a characteristic oscillation imparled to the light by the ultrasound (ep. Houston and Moerner, U.S. 
Patent No. 4.614.116. fesued 30 September 1986.) 

E Constructing an Image of Photon Emission 

10 

[0127] In cases where, due to an exceptionally bright light-generating moiety and/or localization of light-emitting 
conjugates near ttie surface of the subject, a pair of "night-vision" goggles or a high sensitivity video camera was used 
to obtain an image, the image is simply viewed or displayed on a video nrKXiilor. H desired, the signal from a video cam- 
era can t>e diverted through an image processor, which can store individual video frames in memory for analysis or 

15 printing, and/or can digitize the images for analysis and printing on a conputer. 

[0128] Alternatively, if a photon courting approach is used, the me^rement of photon emission generates an 
an'ay of numba'S. representing the number of photons delected at each pixel location, in the image processor. These 
numljers are used to generate an image, typically by nomnalizing the photon counts (either to a fixed, pre-selected 
value, or to the maximum number detected in any pixeO and converting the nornrwdized number to a brightness (greys- 

20 cale) or to a color (pseudocolor) that is displayed on a monitor. In a pseudocolor representation, typical color assign- 
ments are as follows. Pixels with zero photon counts are assigned UacK low counts blue, and increasing counts colors 
of irKM'easing wavelength, on up to red tor the highest photon courrt values. The location of colors on the monitor repre- 
sents the distribution of photon emission, and, accordingly, the location of iight-emitting conjugates. 
[0129] In order to provide a frame of reference for the conjugates, a greyscale image of the (still immobilized) sub- 

25 ject from which photon emission was measured is typically constructed. Such an image may be constructed, for exam- 
ple, by opening a door to the inraging chamber, or box. in dim room light, arxl measuring reflected photorts (typically tor 
a fraction off the time it takes to measure phioton emission). The greyscale image may be constructed either before 
measuring photon emission, or after. 

[0130] The image of photon emission is typically superinposed on the greyscale image to produce a composite 
30 image of photon emission in relation to the siiTject. 

[0131] H it desired to follow the localization and/or the signal from a light-emitting conjugate over time, lor example, 
to record the effects of a treatment on the distribution and/or localization of a selected biocompatible nnoiety, the meas- 
urement of photon emission, or imaging can l^e repeated at selected time intervals to construct a series of images. The 
intervals can l:>e as short as minutes, or as long as days or weeks. 

35 

VI, Analysis of Photon Enftission Images 

[0132] Images generated by methods and/or using compositions of the present invention nrwy be analyzed by a 
variety of methods. They range from a simple visual examination, mental evaluation and/or printing of a hardcopy, to 
40 sophisticated digital Innage analysis. Interpretation of the information obtained from an analysis depencte on the phe- 
nomenon under obsen^tion and the entity t>eing used. 

[01 33] The following experiments illustrate one applteation of the present inventkw - tracking Salmonella infection 
in live mice • and how images obtained using methods of tiie present invaition can be analyzed. 

46 VII Imaging of Lximinescent Salmonella in Livina Mice 

[0134] Experiments performed in support of the present irrvention characterize the distribution of Salmonella 
typhimurium infectton in mioe. the animal model of human typhoid. A mouse virulent Salmonella typhimunum strain. 
SL1344 (Hoisrth and Stocker. 1981, Nature 291 238^9), a non-invasive mutant of SL1344, BJ66 and a low virulence 
60 LT-2 sfrain of Salmonella. LB5000 were each marked with a plasmid containing the lux operon, and used in experi- 
mOTts to kx^Iize Salmonella infection in mice. 

A. Constructions of Luminescent Salmonella 

66 [01 35] 1 . Sa/mone//a Strains . Three strains of Salmonella typhimurium with differing virulence phenotypes. d^ined 
tjy oral and intra-peritoneal inoculations into mice, are selected for transformation. 

[01 36] The most virul^tt phenotype used herein is SL1 344. a mouse strain originally obtained from a fatal infection 
of a calf (Hoiseth and Stocker. 1981 . Nature 291 :238-239). Following oral inoculations of mice wfth this strain, bacteria 
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are dissenrinat^J systematically via the lymphatic system resulting in colonization of the liver, ^een and bone manrow 
(Carter and Collins. 1974, J. Exper. Med, 133:1 189-1203.; see also reviews by Finlay and Falkow, 1989, MoL Microbiof, 
a:1833-1841, and Hsu. 1989, Miaobioi Rev. ^:390-409.) 

10137] A non-invasive mutant of SL1344, BJ66. is also evaluated. Systemic Infections in mice do not typically resuH 
5 from an oral inoculation with BJ66, but do result from intraperitoneal inoculations with this strain. 

[0138] A low virulence LT-2 strain of SaJmonetIa, LB6000. is also examined. LT-2 stains are laboratory strains 
KrxMvn to be of reduced or variatde virulence for mice. LB5000 contains muttlple auxotrophic mutations, is str^omycin 
resistant, and is cleared from mice following oral or intraperitoneal inoculations. 

[0139] 2. Transformation of Safmoneffa Strains wHh the lux Oceron . The three strains are each Iransfbrnned wHh a 
10 plasmid encoding the lux operon. as detailed in Example 1 . The plasmid. olJtained from the soil bacterium Xenorfiab- 
dus fumtnescens (Frackman, ef a/., 1 990) confers on F coli the ability to emit photons through the expression of the two 
subunHs of the heterodimeric lucrferase and three accessory proteins, luxG. luxD and luxE. 

[0140] Inclusion of luxC, luxD and luxE removes the necessity of provicfing the fatty aldehyde substrate, ludferin, to 
the luciferase-expressing cells. Because supplying the substrate to eukaryotic lucif erase aizymes in an in v/Vo system 
15 such as described herein may prove difficult, the entire lux operon of X. tuminescens is used. The operon also encodes 
the enzynres lor the biosynthesis of the fatty aldehyde substrate. 

[0141] X. fuminescens ludferase, an alpha-beta heterodimeric mixed-function oxidase, catalyzes the oxidation of 
reduced flavin and long-chain aldehyde to oxidized flavin and the con-esponding long-chain fatty add A fatty acid 
reductase complex is required for the generation and recycling of tatty add to aldehyde, and an NAD(F)H:f lavin oxidore- 

20 ductase supplies the reduced tiavin. 

[0142] Optimal bioluminescence for £. Coli expressing the lux genes of X luminescens is 37'*C {Szittner and 
Meighen. 1990, J. Biol. C/Tem. 2^5:16581-16587. Xi. etal., 1991, J. Bad. 123:1399-1405). In contrast, ludf erases from 
eukaryotic and other prokaryotic luminescent organisms typically have lower temperature optima (Campbell, 1988, 
ChamiluminescQnce. Prindoles a nd Apolications in Bioloav and Medidne (Chichester. England: Ellis Honwood Lid. and 

25 VCH Veriagsgesellschaft mbH)). The ludferase from X. luminescens, therefore, is well-suited for use as a marker for 
studies in animals. 

[0143] The three strains are transformed by electroporation with the plasmid pQSLI . which contains the entire X. 
luminescens lux operon and confers resistance to ampicillin and cart>enidllin on the Salmonella (Frackman, ei a/., 
1990). The X. luminescens lux operon contains the genes luxA. luxB, luxC, luxD and luxE (Frackman. et al., 1990). 
30 LuxA and B encode the two subunits ol the heterodimeric ludferase. luxC and D encode the biosynthetic enzymes for 
the ludferase substrate and luxE ts a regulatory gene. Irrclusion of the genes lor the biosynthesis of the subsfrate is a 
convenient means of providing substrate to ludferase, in confrast to supplying ludferin externally to the cells in culture 
or treating animals with the substrate. 

35 B. Characterization of Transf nrmod Saimonella In Vitm 

[0144] 1. Adherence and Invasive Properties . The adherence and invasive properties of the three Salmonella 
strains containing the lux plasmid are oonpared in culture, to each other, and to their non^uminescent parental strains 
by the standard invasion assay as described by Finlay and Falkow, 1989. Mol. W/cro6/o/. 3:1833-1841., and detailed in 
40 Exanrple 2. 

[0145] In this assay, adherent and infracelitdar bacteria are quantHied following incttetion with an epithelial cell line 
and peritoneal macrophages. The adherent and intracellular bacteria are detected and quantified by both the emission 
of photons from living cells, and colony forming units following lysis and plating the cell lysates on carbenidllin-contain- 
ing plates. 

45 [0146] The results of some of the assays are shown in Rgures 2A through 2E and discussed in Example 8. The 
phenotypes of the three strains transfbnned with the lux eoqxessing plasmid are not significantly altered In comparison 
to the parental salmonella strains. In additkxi, there is a good carelation between the intensity of bioluminescence and 
the CPU from the HEp-2 cells and maaophages. TTie results show that luminesoence. as an indicator of infracelMar 
bacteria, is a rapid method lor assaying the invadve properties of bacteria in culture 

60 [0147] BJ66 demonstrated reduced adherence to HEp-2 cells in comparison to SL1344. however, adherence of the 
two strains in primary ctdtures of murine peritoneal macrophages were comparable. 

[0148] 2. Light Emission . To evaluate the oxygen requirements of the system. 10 fold serial dilutions of bacteria are 
placed in glass capillary tubes and imaged, as dolled in Exanple 3. 

[0149] Rgure 3 shows an image generated in one such experiment. Luminescence is only detected at the air^iquid 
SB interface, even in the tubes with small numbers of bacteria in air saturated medium (0.1 ml of air saturated buffer in 5 1 
results in a final concentration of 5 nM). 

[0150] Firom these results, it is apparent that oxygen is likely a limiting fector lor luminescence. 

[0151 ] 3. Light Transmission TTirt)ugh Animal Tfisue . To detemiine the degree to which light penetrates aninwl tis- 
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sue. light emitted from luminescent Salmonella and transmitted through tissue is quantified using a scintillation counter, 
with the fast coinddenc detector turned ff to detect singl photons. The background du to dark current fthepho- 
tomuttiplier tubes in this type of detection is signif team, limiting the assay to sanples with relatively strong photon emis- 
sion. 

5 [0152] Four tissue types of varying opacity are compared using this approach: muscle from chicken breast, skin 
from chicken breast lamb kicfriey and renal medulla from lamb kkJneyi The number of photons that can be detected 
through tissue is approximately ten fold less than the controls without tissue. 

4. Charactefjza^ of s^imon^m in Wm 

10 

[0153] a. Oral Administration . Oral Inoculation is natural route of infection of mice or humans with Salmonella and 
results in a more protracted course of disease. In order to study the progression of the Salmonella infection following 
this route of inoculation, two strains of mice are infected with the three strains of Salmonella. The results obtained using 
the resistant animals are discussed under the heading "Infection of Resistant Mice", below. 
15 [0154] BalWc mice are orally infected with suspensbns of virulent SL1344/i/x, non-invasive BJ66/i;r and tow viru- 
lence LB5000/yy Salmonella, as described in Example 6. Progression of the infectton is followed by external imaging 
(Materials and Methods) over an 8 day period. 

[0155] Representative images are shown in Rgures 5A-F. At 24 hours post inoculation (p.i.), the bioluminescent 
sigrial is localized at a single focus in all infected animals (Figs. 5A. 5C and 5E). Bioluntinescence disappears in all ani- 
20 mals infected with the tow virulence LB5000A/X by 7 days p.i. (Fig. 5B). Animals infected with the virulent SL1344/yy, 
on the other hand, show virulent infection which often spreads over much of the abdominal cavity (Rg. 5F). though the 
time at which it begins to spread is highly variable from animal to animal. TTie infection by BJ66/i/x typically persists and 
remains localized at a single site (Fig. 50). 

[01 56] b I.R Inoculation . To assess whether or not there is sufficient O2 at the srtes of Salmonella replication for the 
25 oxidation of ludferin and subsequent luminescence (Cannpbell, 1988. Chemiluminescence. Prindoles and Applications 
in Biology and Medicine (Chichester. England: Ellis Horwood Ltd. and VCH Verlagsgesellschaft mbH)). photon emis- 
sion is measured from the tissues of a respiring animal. Luminescent SL1344/i;x and LB5000/i/x are inoculated into the 
peritoneal cavities of two groups of Balh/c mica 32 hours post inoculation (p.i.), the transmitted photons are inraged 
(Figure 6). 

30 [01 57] In the mice infected with SL1 344/yy (left part of figure), transmitted photons are evWent over a large surface, 
with foci of varying intensities visft>le. These inrages are indicative of a disseminated infection, and are consistent witii 
wkiespread colonization of the viscera, possibly including the liver and mesenteric lymph nodes. In contrast the distri- 
butions of transmitted pfiotons from animals Infected with the LBSOOO/ux strain is very limited, indicating a limited infec- 
tion. 

35 [01^] The LB5000/i/x-infected mtoe remained healthy for several weeks p.i., while the SLl344/ux-infected mice 
were nearly nroribund and eutlianized at 4 days pi. 

[01 59] These experiments indicate that the level of O2 in the Wood and or tissues is adequate for btoluminescence 

of lux luciferase expressed by Salmonella. Furthenriore, the experin^ents are consistent with the invasive nature of the 

virulent strain SL1344 in comparison to the reduced virulent laboratory strain LB5000. 
40 [01C0] c. Infection of Resistent Mica Mice which are heterozygous at the Ity locus {It/^) are resistant to systemic 

infecttons by S. typhimurium (Plant and Glynn, 1976, J. Infect. Dis, 123:72-78). This k>cus. also called Beg (Gros. et 

a!., 1981, J Immunol 127:2417-2421) or Lsh (Bradley, 1977, CIm, and E)^r. Immunol 3Q:130-140), regulates the 

pathogenic processes of certain intracellular pathogens, such as Mycobacterium lepraemurium (Forget, et al., 1981. 

Infect. Immunol 22:42-47), M. Bovis (Skamene, etal., 1984, Immunogenet 12:117-120, Skamene and Pietrangeli, 
45 1991. Natute 297:506-509) and M. intracelluare (Goto, etal., 1989. Immunogenetics §0:218-221). An anatogous 

genetic control of resistance and susceptO^ility to intracellular pathogens appears to be in humans as well (M. 

tuberculosis (Stead, 1992. Annafs of Intern. Med. llfi:937-941, Stead, eta!., eta!., 1990, New Eng. J. Med. 2^:422- 

427) and M. leprae). 

[0161] The Ity tocus is located on mouse chromosome 1 with two allelic forms. It/ (resistant, dominant) and Ity^ 
60 (saisrtive. recessive) . The gene encoded at the Ity locus apparently affects the ability of maaophages to disrupt the 
internalized pathogens (reviewed by Blackwell, et a/., 1991, Immunol Lett. 38:241-248 (1991); see also Skamene, et 
al., 1^, Imnujnogenet. 13:1 17-120, Skamene and Pietrangeli, 1991, Nature 22Z:506^) which in tura affects the 
down stream function of the proposed maaophage-mediated transport of pathogens to other sites within the infected 
host BalbVc mice are Ity^ and 129 mice are Ity^ The heterozygous BalbV; x 129 mtoe (Ity*^) are used in experiments 
£5 detailed herein. 

[01 $2] Resstant l29xBal>/c (tt/^ viable mtoe are infected by intragastrto inoculatton of 1 x 10^ SLi344/y>r 

Salmonella as detailed In Exanrple 7. The animals are imaged daily for 8 days post injection (d.p.i.). 

[0163] Results are shown in Figures 7A (day 1) and 78 (day 8). The luminescence, detected by external imaging. 
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is apparent at 24 h p.i., and appeared 1o localized to a single sKe in all animals The luminescent signal is present 
throughout the study period (up t 8 days p.i.). The intensity of the luminescenc and the location of the lurrinescent 
source is somewhat variable over time withn a mouse and also from mouse to mouse. The luminescent tissue in all 
infected animals is the cecum (see beHcw) and the variabilrty in localization, and possbty intensity, is most likely due fact 

5 that internal organs of rodents are not tightly fixed in position. 

[0164] The apparent limited infection observed in these animals supports the interpretation that the tty restriction 
blocks maaophage transport. The persistence of this infection for 10 days, however, suggests that there is adherence 
to the intestine mucosa and prolonged shedding of bact^ia in the feces of these animals, as evidenced by luminescent 
fecal pellets. These resute indicate that the luminescent phenotype of the Sslmoneila in vivo is retained over an 8 day 

10 duration iii Ity restricted animals and that localization is possble following an oral inoculation. 

[0165] d. Internal Imaging Following Oral Inoculation . In order to further localize the luminescent signal in the 
abdominal cavity, infected mice are inr^ged fdlowtng laparotonry (Example 8). The predominant disease manifestation 
in all of the animals infected by the oral route is an enlarged cecum {Figs. 8A-C). The "exlernal" image (Rg. 8A) illus- 
trates a focal luminescence, which is repealed in the post-laparotomy inrmge (Fig. 8B) to be the cecum. 

15 [0166] Injection of air irrto the intestine confirms the presence of bacteria in other regions of the digestive tract. Bac- 
teria in the colon and rectum are likely expressing ludferase, but low oxygen concentrations are likely limiting light emis- 
sion from these sites. 

[0167] The images obtained from oral inoculation studies indicate that the luminescent signal, at 2 days p.i. and at 

7 days p.i.. k>calizes almost entirely to the cecum in each of the animals (Popesko. et ai,, 1 990. A Colour Atlas of Anat- 
20 omy of Small I ffe9'T^t 9'7 Animals Vol. Two: Rat Mouse Hamster (London England: WoHe)) except those infected with 

LB5000/UX. Lumi nescence is also apparent in the colon in some animals. By 7 days p.i. , no luminescence is d^ectable 
in the LB5000/L/x-infecled animate. The CFU present in tiie organs of these mk;e are determined at 2 and 5 d p.i. 
[0168] In animals infected intragastrically with the invasive strain, SL1344/i/x, the luminescence in the cecum 
appears early and precedes a systemk: infectton. In contrast, infectiorK with the non-invasive BJ66/ux strain result in a 
25 persistWTt luminescence from the cecum that remains, in some animals, for the entire course of tiie study (8 days). By 

8 days p.i., luminescence is detected over much of the alKlontinal surface, resembling the distrilnjtion of photons follow- 
ing an i.p. inoculation, in the SL1344/ux infected mica 

[0169] Infections with SL1344/i/x appear to become syslemrc, as predk;ted, with progressively more photons being 
emitted from an irweasing surface area. Luminescence appears to localize over the abdomen in infections with all 
$0 strains witii litUe detectable luminescence from outskie this area. A large rumber of transmittal photons are k>calized 
as a single locus over tiie abdoir^n suggesting that &/et\ though tiie infection may be systems, the greatest amount of 
replication may be in areas surrounding the intestine. 

[0170] Locaiizatbn of the luminescence over the cecum indk»tes that not only are there large numbers of organ- 
isms in this region of the intestine, but also suggests that the Salmonella associate with celte of the mucosa such that 
35 they can obtain sufficient oxygen for luminescenc& Emissk)n of photons from luciferase is oxygen dependent and Une 
expected oxygen levels in tiie lumen of the cecum, or intestine in general, are below tiie levels required for lumines- 
cence. The luciferase reactk>n is not expected to be funclkxial in the intestine unless the bacteria can obtain oxygen 
from cells of tiie intestinal epithelium. 

[0171 ] Thus, the systemk; infection seems to be related to the invasive phenotype and not to simply adherence to 
40 epithelial cells of the intestina These experiments implfcate the cecum In some role in the pathogenic process either in 
the cannier state or as a site of dissemination. 

[0172] Monitoring the progression of infectfons to different tissues may greatiy enhance the ability to understand 
these st^ in the pathogenic process, and enable the screening for compounds effective to inhibit the pathogen at 
selected steps. 

45 [0173] e. Internal Imaoino Foitowina LP. Inoculation . Mfce infected intraperitoneally witii SL1344lux are imaged 
before and after laparotomy (Example 9). The resiits are shown in Fig. 9. The images demonstrate luminescence over 
a m^ority of the abdomen with muHiple foci of transmitted photons. The cecum does not appear to contain luminescent 
Salmonella, The results from these experiments indkxite tiiat all strains of Salmonella have sufffcient to be lumines- 
cent in the early phases of infectkKi. However, entry of Salmonella into cells of the mucosa and subsequent systemic 

60 infection is likely limited to strains wHh the invasive phenotype. since systemic infections at later time points are only 
apparent in SL1 344ft/xHnfected mica 

[0174] f. Effects of Cioro floxadn on Ssfmomlla Infection. Experiments, detailed in Example 10, are performed to 
demonstrate that non-invasive imaging is usefii tor folkswing the response of an infectton to drugs. Mice are orally inoc- 
ulated with SLl344/£;x and treated with 100 mg of cprofloxadn, an antibiotic ^active against Salmonella infections. 
66 The mtoe are imaged at selected time perkxis following treatment, and the extent of infection is guantitated by measur- 
ing photon emission. Photon envssion In treated mk?e is compared to values before the initiation of treatment, and to 
values from control mice that had been infected, but not tr^ed. Results from one such experiment are shown in Rg- 
ures 1 0A-E and discussed in Example 10. Infection is significamty reduced in mice treated with the ambiotic. conrpared 
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both to the levels of pathogen at lime zero in treated animals, and to levels of pathogen in control animals throughout 
the treatment period. 

[0175] g. Effects of Carbenenicillin Selection . Ducluzeau, a/., 1970. Zeut Bakt. 5313 :533-548,. demonstrated 
that treatment of animals with antibiotics facilitated colonization of the cecum with Salmonella. The mice in the present 
5 experiments are maintained on an antibiotic regime of intramuscular injections of oarbenicillin for the purpose of select- 
ing the Amp*^ Salmonella containing the luciferase done. This treatment may alter the course of the gastrointestinal 
infection, but the obsen^tion that Salmonella can associate with the cells lining the cecum indicates that oxygen is 
available for luminescence. This observation is notable, since the lumen of the cecum is commonly thought to be an 
anaerobic environment. 

10 

VIII. Applications 

[0176] The bioluminescence technology is broadly applicable to a variety of hostpathogen systems and nny also 
enable t&nporal and spatial evaluation of other biological events, as for example tunrtor progression and gene expres- 

15 sion in living mammals, and have application in pharmaceutical development and screening. Widespread use of in vivo 
imaging of pathogens may reduce the numbers of animals and time needed for experiments pertaining to pathogenesis 
and/or the real^inr^ study antimicrobial agents. FurttiernrKire, biolumin&scent organ^ms may be useful as biosensors 
in the living animal, much as luminescent bacteria are used in environmental analyses. Korpela et aL, for example, 
demonstrate that the limited oxygen supply in the lumen of the G.I. tract restricted bioluminescence to sites in which 

20 oxygen is accessiWe to the Salmonella, perhaps directly from epithelial or other cell types. Korpela, et al., 1989, J. 
Biolum. Chemilum. 4:551 -554. This oxygen requirement may find utility as an indicator of intimate cell-cell interactions, 
or as a bioserisor for studying oxygen concentrations at various sites in living animate. In the following, several exem- 
plary applications of this technology are descrtoed for the purpose of illustration, but are in no way intended to limit the 
present invention. 

25 

A Determination of Oxvoen Levels 

[0177] The oxygen requirement for luminescence of luciferase evidenced in the experiments summarized above 
indicates that the present invention may be applicable as a method of determining ^ial gradients of oxygen concen- 

30 tration in a si^ect. Luminescent bacteria have been used to measure oxygen levels in the range of 10 - 1 mM. The 
studies predict that 0.1 nM is tiie lower limit of detection (Campbell. 1988, Chemiluminescence. Principles and Aodica- 
tions in Biolopy and Medicine (Chichester, England: Ellis Honvood Ltd. and VCH Verlagsgesellschaft mbH)). The imag- 
ing methods described herein may be used for studying oxygen levels at various sites in living animals. For example, 
microorganisms that have been engineered to emit light in an O2 or Ca^^ <lependent manner could be used as biosen- 

35 sore in a subject, much Wkd luminescent bacteria are used in environmental analyses (Quzzo, et al., 1992, Tox. Lett. 
64/65 :687-693. Korpela, et af., 1989. J. Biolum. Chemilum. 4:551-554. Jassim. et ai, 1990, d Biolum. Ctwmilum. 
5:11 5-122). The dynamic range of luminescence with respect to 02 concentration is much broader and reaches lower 
O2 concentrations than O2 probes (Campbell. 1988, Chemilumines cenoe. Principles and Aootications in Bioloov and 
Medicine (Chichester, England: Ellis Horwood Ltd. and VCH Verlagsgesellschaft mbH)). Moreover, light emission in 

40 proportion to concentration is linear over a range of 30 nM to 8 mM, and 9 mM 02 is required for 1/2 maximal lumi- 
nescence. 

B. Localization of Tumor Cells 

46 [01 78] TTie growth and metastatic spread of tunrKirs in a siiject may be monitored using nnetfiods and compositions 
of tiie present inventioa In particular. In cases where an individual is diagnosed with a primary tumor, LECs directed 
against the cells of the tumor can be used to both d^ine the boundaries of the tumor, and to determine whether cells 
from tiie primary tunK)r mass tiave migrated and colonized distal sites. 

[0179] For example. LECs, such as liposomes containing antibodies directed against tuma antigere and loaded 
60 witii LGMs, can be administered to a subject, allowed to bind to tumor cells in the sil)ject Imaged, and the areas of 
photon emission can be correlated with areas of tunxx cells. 

[0180] In a related aspect, images utilizing tumor-localizing LECs, such as those described above, may be gener- 
ated at selects time intervals to monitor tumor growth, progression and metastasis in a subject over time. Such mon- 
itoring nrtay be useful to record results of anti-tunx)r therapy, or as part of a screen of putative therapeutic compounds 
65 useful in inNbiting tumor growth or nrvetastasis. 

[0181] Alternatively, tumor cells can be tiBnsfbmned with a luciferase construct under the control of a constitutively- 
active promoter, and used to induce luminesoent tumors in animal models, as desabed above. Such animal models 
can t>e used for evaluating tiie effects of putative anti-tumor conpounds. 
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C. Localization of Inflammation 

[0182] In an analogous manner to that descrbed atwe. compositions and methods o1 the present invention may 
be used to localize sites of inflamnfBtion, monitor inflammation over time, and/or screen for effective anti-inflammatory 
5 conrpounds. Molecules useful for targeting to sites of inflammation include the ELAN family of proteins, which bind to 
selections. An ELAN molecule can be incorporated as a targeting moiety on an entity of the present invention, and used 
to target inflammation sites. 

[0183] Alternatively, an animal model for the study of putative anti-inflammatory substances can be made by mak- 
ing the animal transgenic for lucHerase under the control of the E-selection promoter Since E-selection is expressed at 
10 sites of inflammation, transgenic cells at sites of inflamnr^tion would express luciferase. 

[0184] The system can be used to screen for anti-inflammatory substances. Inflammatory stimuli can be adminis- 
tered to control and experimental animals, and the effects of putative anti-inflammatory compounds evaluated by their 
effects on induced luminescence in treated animals relative to control animals. 

15 D. Localization of Infection 

[0185] As illustrated in experiments perfomned in support of the present invention and summarized above. LGCs 
may be effectively used to follow the course of infection of a subject by a pathogen. In experiments detailed herein, the 
LGCs are pathogenic cells {Salmonella) transformed to express luciferase. Such a system is ideally-suited to the study 
20 of infection, and the subsequent spread of irrfection. in animal nrodels of human diseases. H provides the ability to mon- 
itor the progresaon of an infectious disease using sites of infa:tion and disease progression rather than tradilioral sys- 
temic synrtptoms. such as fever, swelling, etc. in studies of pathogenesis. 

[0186] Use of an external imaging method to monitor the efficacy of anti-infectives pemriits temporal and ^ial 
evaluations in irrdividual living animals, thereby reducing the number of animals needed for experiments pertaining to 
25 pathogenesis and/or the study anti-infective agents. 

[0187] The followirtg examples illustrate, but in no way are intended to limit the preserrt invention. 

MATERIALS AND METHODS 

30 A. Ceils 

[0188] SaJmonelia strains SL1344 and LB5000 were okAained from B.A.D. Stocker (Stanford University; Hoiseth 
and Stocker. 1 981 , Nature 291 :238-239). Salmonella strain BJ66 was obtained from B.D. Jones (Stanford UniversHy). 
[0189] HEp'2 cells were obtained from the American Type Culture Colleclk)n(ATCC: 12301 ParWawnDr.. Rockville 
35 MD; Accession navrter CCL-23). 

[0190] Murine peritoneal macrophages were obtained by peritoneal lavage of euthanized Balb/c mice with 7 ml of 
growth medium (Maximow and Bloom, 1931. Textbook of Histology. Saunders, Philadelphia.) 

B. Static CUtures 

40 

[0191] Low oxygen (static) cultures were prepared by inoculating 3 ml of LB Broth containing 100 vngM of carbe- 
nicillin with 6 mI of a bacterial suspension from a stationary phase culture, and growing the bacteria at 37^0 overnight 
in a stationary 7 ml culture tube. 

45 C. Mice 

[0192] Balb/c {fty^ mice were obtained from the Department of Oncology, Stanford University. 1 29xBaIb/c (/f/'®) 
mice were obtained from the Stanford Transgenic Animal Facility (Stanford. OA). All animals were housed under iden- 
tical conditions of photo perkxJ. feeding regime and temperature in the Stanford UniversHy Research Animal Facility 
60 (Stanford, CA). 

[0193] Anesthesia was performed by injecting the animals intraperrtoneally (i.p.) with 33 fig/l^ body weight nen^ 
utal. 

[0194] Euthanasia was perfomied by asphyxiation in CO2 or cervical dislocation, following protocols recomnr>end«l 
by the Stanford Ur^'versity Research Animal F^dlrty. Cervical dislocation was used in experiments in which results may 
65 have been affected by physiological changes due to asphyxia. 

[0195] Mice infected with /t/x-transformed Salmonella were given daily intramuscular (i m.) injections of carbenicil- 
lin (1 25 mg per kg body waght) to maintain selective pressure on the luminescent Salmonella for retentton of the Amp'' 
plasmid containing the lux cperon. 
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D. Imaging 

[0196] Animals or objects t be imaged were immobilized in a light-tight box containing a cioor and a chargenxju- 
pled device (CCD) camera with a tvro stage n^crochannelintensrfier head (nTOdelC24^ ra 

5 was attached, via cables leading out of the box to an "ARGUS 50" image processor (Hamamatsu). 

[01 97] The ICCD system descrhed above is capaW e of detecting single photons once a threshold of 1 0-30 photons 
is achieved. The agnal to noise ratio of the system ranged from 2:1 to 1x1 0'*:! . depertding on sigrwd intensity. 
[0198] Grey-scale images were obtained by opening the light box door In dim room light and integrating for 8 - 64 
frames. The gain for the gray scale images was set to optimize the image - typically at 3000 volts on a scale of 0 to 

10 10,000 votts. 

[01 99] Biolumi nescence data were obtained in absence of external ill umination. Exposure settings were as follows : 
the black level was set automatically by the camera/image processor, the gain was adjusted autonr^tically by the inten- 
sHier controller, and the f-stop was set at 2.8. A 60 mm "AF NIKKOR' macro lens w^ used (Nikon Inc., Melville, NY). 
[0200] Bioluminescence linages were generated by integrating photons for a selected period of time, typically 5 

15 minutes- Data are presented at the lowest bit range setting of 0-3 bits per pixel for all animals, for images of other 
objects, i.e. 24 well plates, where the resolution of the biolumlnescent signals was not possible at a bit range of 0-3, the 
range virets increased to a setting that pennitted localization of biolumlnescent signals, typically 1-7. Objects were 
imaged for shorter periods of time when additional informatkxi couW not be obtained by Imaging for five minutes. 
[0201 ] Extenial imaging refers to non-Invasive imaging of animals. Internal imaging refers to imaging after a partial 

20 dissectkjn of the animals, typically a laparotomy. Internal imaging is performed in selected anin^ls to confirm the 
sources of photon emission kxialized by external Imaging. 

[0a>2] The bioluminescence image data are presented as a pseudo-color luminescence image representing the 
intensity of the detected photons. Six levels of intensity are typk»lly used, ranging from blue (low Intensity) to red 
(higher intensity). 

25 [0203] To generate the fi gures presented he m in. ar ev sca le and bioluminescerTCe i EaafflesJMfil&..SUDerjropo s .ed^ 
using the image processor, to form a composite image providing a spatial frame o1 reference. 
[0204] The composite inmge was displayed on an RGB CRT (red, green, blue; cathode ray tube) monitor, and the 
monitor was photographed to produce hardcopies. Hardcopies were also generated by saving the image processor 
image as a digital file, transferring the file to a conputer. and printing H on a color printer attached to the computer. Alter- 
natively, hardcopies may be generated by printing the video signal directly using a vkleo printer 

EXAMPLE 1 

TRANSFORMATION OF SALMONELLA WITH PCG1,S1 LUX PLASMIP 

[0205] Salmonella strains SL1344. BJ66 and LB5000 were transfbrmoa with pCGLSI. a pUCIS-based vector 
encocfing the fux operon from Xenorhabdus luminescens (Frackman, etal., 1990), 

A. pCQLSI Dlasntid 

[0206] A schematic of the pCGLSI plasmid is shown in Rgures 1 A, 1 B and 1 C. The plasmid was constructed by 
cloning an -1 1 kb region encoding the lux genes from the soil bacterium Xenorhabdus luminescens (Rg. 1 A; Frack- 
man, e/ a/.. 1990) into the Bam HI sHe (Rg. IB) of pUC18 (Rg. 1C; Clontech, Palo AHo. CA). The constructton of the 
vector is described by Frackman, et al., (1990). 

[0207] Restriction enzyme sites in Rgure 1 A are represented as follows: Bs, Bst Ell; C. Cla 1; E. Eco Rl; H» Hind 
III; M. Mlu I; S. Sca\;KXba 1; B/Sa Bam HI and Sau 3A junction. A sequence indudaJ in the multiple ctoning srte 
(MCS) is provided in Figure 1 B, with the Bam HI site indicated In boki typa 

[0208] A graphical representation of a pUC18 vector with no insert is shown in Rgure 1 C. Labeled elements include 
an ampicillin resistance gene (Ap), a /ac Z gene (tec Z) and an E. co// origin of replication (Or/). The unmocSfied pUC18 
vector is approximately 2.7 kb in size. 

B. Transtormatipn gf S&lmQnellQ 

[0209] Electrocompetent cells from Saimonella strains SL1344, BJ66 and LB5000 were made using standard 
methods (SambrooK et a/.. 1989. In Molecular ClQninQ: A Laboratorv Manual. CoW Spring Harbor Laboratory Press. 
Vol. 2) and stored at ^C until just prior to use. Electroporation was performed as follows: 1 mI of the plasntid (0.2 
^gAnl) was added to 40 ^ of ice<old dectrooonpetent cells suspended in 10% glycerol. The suspension was mixed 
gently for one minute, placed in a 1 mm ^ electroporation cuvette and electrcporated using a Bio-Rad Gene-Pulser 
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(Bio-Rad Laboratories. Hercules, CA). The settings were 2.5 kvoHs, 400 ohms and 25 iifarads. 

[0210] Following a one hour agitated incubation in Uiria Berlini (LB) broth at 37^C, the cells were plated on (LB) . 

Agar containing 100 lagAnl carbenidllin and allowed to grow overnight. 

[0211] To maximize the biduminescence of the labelled SaJmonefia, the lux op&on was nraintained on a high- 
5 copy-number plasnrtid and not integrated as a sir)gle copy gene. However, plasmids are subject to modification by the 
bacterial cell especially in recA strains, such as SL1344 and BJ66 used in this study The recA locus encodes a reoom- 
binase that may delete regions of the plasmid containing the lux operon and the p-lactamase. Therefore, Salmonella 
recovered from cells in culture were plated both in the presence or absence of carbenicillin, and were imaged to deter- 
ntine the frequency at which bioluminescence was lost. All colonies recovered from gentamidn-freated. lysed HEp-2 
w cells and macrophages were ampicillin resistant (Amp') and bioluminescent Therefore, lux genes appeared not to be 
lost during co-culture with mammalian cells. 

[021 2] Colonies were assayed for luminescence by visual inspection in a dark room. Five fransformants were iden- 
tified as having high levels of luminescence. Three of these, one each trom the SL1344. BJ66 and LB5000 strains, were 
selected for subsequent experiments. They were termed SL1344/ux. BJ66/yx and LBSOOO/wx. respectively 

15 

EXAMPLE 2 

IMVASIVE POTEhJTIALOF NORK/IAL AND TRANSFORMED SALMONELLA 

20 [021 3] The invasive potential of six strains of Salmonella (SL1 344/t/x, LBSWO/ux, BJ66/i/x. SL1 344. LB5000 and 
BJ66) was determined using two types of bacterial adherence and enfry assays. Colony-forming units (GFU) assays 
were performed ess^itially as previously described (Finlay and Faikow, 1989, Mol. Miaobiol. 2:1833-1841) with modi- 
fications (Lee. et a/., 1990. PNAS flZ:4304-4308). Bioluminescence assays were perfbmied essentially like the CPU 
assays, exc^ that the number of cells was guantitated using bioluminescence, as opposed to CPUs. 

25 [0214] Briefly, HEp-2 cells and primary murine peritoneal macrophages were seeded into 24^«ell tissue culture 
dishes at 1 x 10^ cells per well In RPMI (Gibco/BRL, Grand Island, NY) supplemented writh 20 mM glutamine 
(GI>co/BRL) and 5% fetal calf serum (Hydone, Logan, UT). Twenty four hours (HEp-2) or seven days (macrophages) 
after cell seeding, bacteria from static cultures (see TWaterials and Methods", above) were inoculated at 1 x 1 0^ (miiti- 
plidty of infection (m.o.i.) of 10) or 1x10^ (m.oJ. of 100. columns on right in Figs. 2B-E) organisms per well and oenfri- 

30 fuged onto the cell monolayer for 5 minutes at 1000 rpm (185 x g) in a Beckman clinical centrifuge (Beckman 
Instruments. Colun*ia, MD). The medium was r^aced with RPMI medium (Qbco/BRL) either with (entry assay) or 
without (adherence assay) gentan^cin (100 mgAnl). The co-cultures were incubated lor a total of 3.5 hours at 35*C in 
S%G02. 

[021 51 Gentamicin in the incubation medium kills bacteria that had not been internalized by the HEp-2 cells, indud- 
35 ing those adhering to the surfaces of the HEp-2 cells. Accordingly, the signal in adherence assays (withiout gentamicin) 
r^esent both adherent and internalized bacteria, whereas the signal in enfry assays (with gentamicin) represent only 
internalized t>acteria. 

[021 6] Adherence and entry were assayed by imaging luminescent bacterial cells at three timepoints - 1 .5. 3.0 and 
3.5 hours post inoculation. Prior to imaging at the first timepoint, the cell nrxjnolayer was washed three times with phos- 
40 phate-buffered saline (PBS) to remove unattached bacteria and a fresh alk^uot of RPMI medium was added. Lumines- 
cence was recorded using a 30 second exposure. Images at the second and third timepoints were obtained using a 
similar exposure, but without first washing the cells. 

[0217] Data recorded at the last timepoint displayed as pseudocolor luminescence images superimposed over 
gray scale images of the culture dish wells, are shown in Figure 2A. The cell types, Salmonella sfrains, and usage of 
45 gentamicin are indicated in the Figure. The data are also summarized as relative intensity of photon counts in the 
graphs in Rgures 2B and 2D. 

[0218] Following innaging at the 3.5 hour timepdnt, the tissue culture cells were washed three times with PBS and 
lysed with 0^ TRITON X-100" in PBS. Adherent and/or intracellular bacteria, released by lysis, were plated on LB- 
or LB-carbenicillin agar plates and incubated for 18 h at 35*C. The number of bacteria released from each well was 
60 determined by counting the nunt>er of cotony fonming units (CPU. Rnlay and Faikow. 1989. MoL MicrobioL a:1833- 
1 841 Lee, et a!., 1990, PNAS 87:4304-4308). These data are represented as the total bacterial colonies per ml recov- 
ered from co-culture after incubation lor 3.5 h with or without gentamicin, and are summarized in the graphs in Rgures 
2C and 2E. 

[0219] Data from both the bioluminescence and CFU assays indicate that (0 Salmonella fransfomied with the tux 
SB genes have an infective potential similar to that of the parent lines, and (ii) luminescence detection arxl CFU detenni- 
nation yiekJ comparable estinnates for the invasive potential of the two Salmonella strains in HEp-2 cells and macro- 
phages. The ratio of t>ioluminescence to CFU was lower in macrophage cultures, possSsly due to Ihe siix^ellular 
compartment in which the Salmonella enter macrophages. 
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EXAMPLE 3 

IN VITRO LUMINESCENCE OF TRANSFORMED SALMONELLA 

5 [0220] 1 0 ^ of tour 1 0-fo Id serial dilutions (ranging from 1 0^ cells to 1 0^ cells per ml) of LBSOOO/ux Salmonefia were 
placed In four 100 m1 glass capillary tubes (aay-Adams div. of Becton Dickinson, Parsippany, fsU). The bacterial sus- 
pensions formed columns of fluid In tfie tubes, with pockets of air at both ends. One end of each tube was sealed with 
critoseal (Clay-Adams). The medium in which dilutions were made was saturated wrth Og through exposure to air. 
(0221 ] The tubes were wrapped with dear plastic wrap and luminescence was detenmined by imaging for 30 sec- 

10 onds as descril>ed above. An exemplary image is shown in Figure 3A Four tubes are pictured. They contained (from 
top to bottom) 10^ 10^ 10^ and 10^ Salmonella cells/ml (10"^, 10^, 10^ and 10 cells/lube). Luminescence could be 
detected in suspensions containing as few as 10* cells/nni (100 cells). The luminescence is confinaJ. howwer. to air/liq- 
uid interfaces, suggesting that the luminescence reaction requires relatively high levels of oxygen. Since many of the 
cells are presumably in the fluid colunn and not at the air/fluid interfaces, the data suggest that the luminescence in the 

15 capillary tubes shown in Rg. 3A arises from considerably fewer than the total number of cells in each tube. 

P<AMPLE4 

IN VITRO DETECTION OF LUMINESCENCE THROUGH ANIMAL TISSUE 

20 

[0222] Micro test-tubes, constructed from glass capillary tubing with an internal diameter of 3.5 mm, containing 
serial dilutions of LBSOOO/ux Satmoneila were prepared essentially as described in Example 3, above. In the present 
example, however, the bacterial suspensions contacted the sealed end of the tube and were exposed to air only at the 
upper end. The tubes were placed in a translucem plastic scintillation vial and surrounded by one of the following animal 
25 tissues: chicken breast muscle, chicken skin, lamb kidney or Ian* renal medulla. All tissues were obtained from the 
meat department of a local supermarket (Safeway Mountain View. CA). 

[0223] A dagram of a vial containing a capillary tube si^rounded by tissue is shown in Figure 4. The vial 1 is 
approximalely 1 .4 cm in diameter and includes a cap 2. The vial is coated with an opaque material (i.e. black tape) 
ak>ng its upper portion 3. Animal tissue 4 is placed in the vial such that it extends from the bottom of the viaJ to just 

30 above the bottom edge off the opaque coating 3. The mk;ro test-tube 5 is sealed at the bottom by a plug 7 (/.e. a cryto- 
seal plug), and is centered radially in the vial, with the plugged end of the tube touching or in dose proxintity to the bot- 
tom of the vial. The bacterial su^)ension 6 extends approximately 1 cm upward from the bottom of the tube. 
[0224] Photons emitted from vials with and without tissue, and with and without bacteria, were counted using a lk:|- 
uid scintillation counter (nnodel 1219 Rackbeta. LKB/VUallac. Gaithersburg, MD) with the last coincidence discriminator 

35 disabled. 

[0225] Controls without tissue were assayed by placing the bacterial suspension directly in the scintillation vial. All 
experiments were peHormed in triplicate. 

[0226] In each experiment, the vials were counted two to three tinnes. rotating the vial 90^ between each count, to 
control for effects of possfi^le tissue thk^ess inconsistency No significant differences were detected. 
40 [0227] TTie results are summarized in Table 1, t>ekw. 



TABLE 1 



TRANSMISSION OF PHOTONS THROUGH TISSUE 


Sample 


Chicken sMn 


Chteken muscle 


Lamb kidney 


Lamb medulla 


Vial atone 


2.1x10'^ 


1.3x10^* 


1.0x10'' 


I.OxlO'^ 


Tissue atone 


N.D. 


1.5x10* 


9.4x10^ 


8.5x1 0^ 


Tissue and LB5000ft/x* 


2.7x10^ 


2.3x10^ 


1.6x10* 


1.5x10^ 


LB5000/i/y atone 


2.0x10^ 


1.7x10^ 


4.8x10® 


4.8x10^ 


Counts are averages of triplicate measurements, tssue path length was 1 cm. 



1x10' cells. 

66 

[0228] The signal fbr 1 x1 0^ LBSOOOto in kklney tissue was at or near background levels using the photonuiltiplier 
tubes (PMT) in the sdntillalion counter. The background in this type of detection is due to the dark currem of the PMT 
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and linrnts the studies to analysis of rather intense signals. 

[0229] Bioluminescence from approximately IxlO' IBSOOO/ux wasdetectaWe through 0.5 cm of avian musde. skin 
ovine renal medulla and ovine kidney. These results indicate that bioluminescence from the labeled Salmonella was 
detectable through animal tissues of variable opacity. Since oxygen was likely limited in the capillary tubes (as demon- 
5 strated in Rg. 3A). H is likely that fewer nun*ers of biduminescem SaimoneUa could be detectoi through tissue than 
are indicated in this assay. 

EXAMPLES 

10 IN ViVn DETECTION OF BIOLUMlNESCErvfT SALMONELLA 

[0230] To assess the availability of oxygen to Salmonella during infection, wild-type SL1344!ux was inoculatal into 
the peritoneal cavity p.p.) of BAl-D/c mice. Photons emitted from the bacteria internally, and transmitted through the 
abdominal wall were externally detected and localized in anaesthetized ntice using an intensified CCD camera 24 h 

15 after inoculation (Fig. 3B). Systematic Salmonella infections are thought to involve colonization of the lynph nodes, 
spleen, liver,. Ventral images of the mice infected by i.p. inoculation of wild-type SL 1344lux demonstrated transmitted 
photons over much of the alxjominal surface, with foci of various intensities (Rg. 38). These results were consistent 
with widespread colonization of the viscera, possibly including the liver and mesenceric lynrph nodes, and indicate that 
the level of available oxygen In some tissues can be adequate foe external detection of bioluminescence from the 

20 labelled pathogen. 

EXAMPLES 

DETECTION OF ORALLY-ADMINISTERED LUX SALMONEL LA IN BALB/c MICE 

25 

[0231] Balb/c mice were infected by oral feeding (Stocker, et ai) wHh a 50 suspension of 1x10^ virulent 
SL1344A/X, non-invasive BJ66/i;xand low virulence LB^Olux Salmonella. The mice, 4-6 weeks of age at the time of 
infection, were imaged daily with 5 minute integration times (photon emission was meaajred for 5 minutes). Prior to 
imaging, the mice were anesthetized with 33 fig/kg body weight nembutal. 

50 [0232] Representative images are shown in Figures 5A-R At 24 hours post inoculation (p.i.), the biolun^nescent 
signal localized to a single focus in all infected animals (Rgs. 5A, SC and 5E). Bioluminescence disappeared in all ani- 
mals infected with the k>w virulence LBSOOOlux by 7 days p.i. (Fig. 6B). In BALB/c mice infected with the wiW-type 
SL1344IUX btoluminescence was detected throughout the study period, with nujltiple fod of transmitted photons at 8 d. 
In these animate, the infection fr^uentiy spread over much off the abdominal cavity (Fig. 5F). In one-third of these ani- 

35 mats, transmitted photons were apparent over much of the abdominal area at 8 d , resembling the distribution of photons 
following an i.p. inoculation (see Figs. 3B and 5F)- TTie spread of infection by BJ66Iux was more variable, but the infec- 
tion typically persisted and remained localized at the initial site (Fig. 5D). 

[0233] After infection of resistant BALB/c x 129 nrice with wiW-type SL 1344lux the biduminescent signal remained 
localized and persistent in a group of 10 mice tfvoughout the stuc^ period. This result was in contest to the dissemi- 
40 nated bioluminesoence obs^ed in SL1344lux-infected susceptible mice (Hy^ (see^ Example 8 and Figs. 7A and 7B), 
but resembled the persistent Infection of susceptible BALB/c mice with the less invasive BJesiux. As a control. 
Salmonella were cultured from persistently Infected resistant BALB/c x 1 29 mice, and 80-90% of the cdonies recovered 
aHer 8 d were Amp^ Of these, more than 90% were biduminescent. suggesting that observed differences were not due 
to signif rcartt loss of lux plasntd. t»ut rather were due to real differences in pathogenicity of the bacterial strains. 

45 

E XAM PL E 7 

DETECTION OF INFECTION FOLLOWING I.P. INOCULATION WITH A VIRULEm- ANP A LOW VIRULENCE $TRAIN 
OF SALMONELLA 

60 

[0234] Balb/c mice were infected with either virulent (SLl344ft;x) or low virulence (LB5000/u>f) SaimoneUa by intra- 
peritoneal (i p.) inoculations of 1 x io^ bacterial cells in a 100 m1 suspension, without simultan«)us ir^ection of air. 
[0235] At 32 hours post injection (p.i), the mice were anesthetized and imaged as described above. The results are 
shown in Figure 6. Widespread infection is evident in the two mice in the left pari of the figure, infected with the virulent 
65 SL1344/UX strain. In contrast, little, if any. luminescence is detected in the mice on the right, injected with the low viru- 
lence LB5000ft/x strain. 
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EXAMPLES 

DETECTION OF SYSTEMIC INFECTION IN RESISTANT MICE FOLLOWING ORAL ItvtOCULATION WITH SALMO- 
NELLA 

5 

[0236] Resistant 129xBalh/c (/(/^ viable mice were infected by intragastric inoculation of 1 x 10^ SLl344/ux 
Salmonella. The bacteria were introduced through an intra-gastric feeding tube while under anesthesia. The animals 
were imaged daily lor 8 days post injection (d.p.i.). 

[0237] Results are shown in Figures 7A and 7B. Mice, in triplicate, were infected and in^ged daily tor 8 days. 
10 Exemolary images for day 1 (Fig. 7A) and day 8 (Fig. 7B) are shown. These data indicate that mice resistant to systemic 
Salmonella infection have a localized chronic infection in the cecum, but that the infection does not spread into the 
atxiominal cavity. 

EXAMPLE 9 

15 

POaT-LAPAROTOMY IMAGING FOLLOWING ORAL INnCiiLATION WITH SALMONELLA 

[Q23B] Laparotomy was performed following oral inoculation of Salmonella to precisely localize the luminescent sig- 
nal within the abdontinal cavity, and to compare this localization with that obtained uang non-invasive imaging. The ani- 

20 mals were inoculated as described in Example 8. After a selected period of time, typically seven days, the mice were 
anesthetized and externally-imaged, as descrto^l above. An exemplary image is shown in Rgure 8A. After external 
imaging, the peritoneal cavity was opened and the animals were imaged again, as illustrated in Figure SB. In some 
instances the mice were imaged a third time, following injection of air into the lumen of the intestine both anterior and 
posterior to the cecum (C) (Rg. 8C). The mice were euthanized immediately after the final imaging. 

25 [0239] In each case where a focal pattern of bioluminescence was observed in susceptible nice, early in infection 
after oral inoculation, photons originated almost exclusively from the cecum, while variations in the precise localization 
and intensity of focal bioluminescence were due to variable positioning of the oecum. The focal pattern of biolumines- 
cence observed in infection-resistant BALB/c x 129 mice similariy localized to the cecum. In contrast, such localization 
was not obsen^ed in animals infected i.pL with SL13441ux (Rg. 3B). At late stages in infection-susceptftjie mice inocu- 

30 lated orally with the wild-type SL1 344lux, bioluminescence was multifocal, however, additional foci of luminescence did 
not become apparent after laparoromy. In mice infected with the less-virulent LBSOOOIux. t>ioluminescence was not 
detectable at 7 d in any tissue or organ, ewi locally, after removal of the skin and peritonei wall. 
[0240] Bioluminescence was not detected optically In the spleen or bloodstream of any infected animal; blolunrdnes- 
cence from th»e liver was seen only at later stages of disease; and bioluminescence from the G. I. tract was restricted to 

35 the cecum eariy in the dise^ course. This pattern could be due to differences in the nunr^rs of Salmonella in the 
different tissues, or lack of available oxygen. The Amp'' cfu present in homogenized organs of orally infected mice were 
quantified to ©raluate the distribution of labelled Salmonella SL1344lux Cheater than 90% of the amp^ bacterial colo- 
nies obtained from all analyzaJ tissues of SL1344lux-infected BALB/c mice at 7 d indicated total cfu from the liver, 
spleen, and lungs were in the range of 1 .9 x 10^ to > 1 .0 x 10* without detectable photon emission, in vivo (Table 2). In 

40 contrast bioluminescence was detectable from the cecum and this tissue contained > 1 .0 x 10^ total cfu. No cfu were 
detectable in any tissue of tfie LBSOOOIux infected nnice. These results suggest that 1 x 1 0^ organisms in tissue is near 
the limit of detection at this emission wavelength using the cun-ent wperimentaJ system. 

[0241] Oxygen is an esservtial substrate for the luciferase reaction, thus only Salmonella present in oxygenated 
micioenvironments should be bioluminescent. The absence of bioluminescence from Salmonella in the anaerobk? envi- 

46 ronment of the lumen of the G.I. tract is therefore predkrtable, and exposure of the intestinal lumen to air shouW reveal 
the presence of bacteria previously not d^ectable due to a lack of oxygen. In support of this view, one animal with 
detectable bioIumine«;ence in the cecum alone excreted a faecal pellet that rapidly became bioluminescent upon expo- 
sure to air. This indication of non-luminescent, luciferase-expressing bacteria in the lumen of the Intestine and the clear 
delineation of the aerobic and anaerobic zones in this tissue, suggested that injectk)n of air into the lumen of the intes- 

60 tine wouM reveal the presence of additional bacteria. Injection of air into the lumen of the Ileum and colon of another 
animal, with a similar pattern of bioluminescence, resulted in detectable photons near the injection sites (Fig. 8). Last, 
when a third mouse with cecal bk)luniinescence was killed, bwluminesoencequicWy ceased. Air was injected at other 
tissue sites because of the lack of dear zones of aer(d>ic and anaerobic environments. 

66 
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TABLE 2 



Cd ny-formlng units In homogenized tissue Irom mice Inlected wHh bl luminescent Sal- 

monetia 


Strain 


Tissue 


Animal Number 


Tissue Weight (mg) 


Total cf u 


SL1344IUX 


Uver 


1 


441 


1.9x10^ 






2 


778 


2,5x1 0"^ 




Spleen 


1 


218 


1.2x10"^ 






2 


248 


4.9x10^ 




Mesenteric lymph node 


1 


76 


>1.0x10^ 






2 


46 


>1.0x10^ 




Lung 


1 


17 


1.5x10^ 






2 


69 


2.7x10^ 




Cecum 


1 


351 


>1.0x10^' 






2 


422 


>1.0x10®* 



*. Photons emitted from bacteria at these tissue sites were externally delected. 



25 EXAMPLE 10 

POST- LAPAFtOTQMY IMAGING FOLLOWING I.R INOCULATION WITH SALMONELLA 

[0242] Balb/c mice were infected t>y intraperitoneal inoculation of 1 x 10^ Salmonella (SL1344/ux) as desaibed in 
30 Example 7. Exemplary images of one such animal are shown in Figures 9A, 9B and 9C. 

[0243] At 24 hours post-injection (pi), the animal was anesthetized and imaged for five minutes (Figure 9A). The 
peritonea! cavity was opened and the mouse was imaged again for five minutes (Figure 9B). The c«:um was pulled to 
the left side, and the animal was again imaged lor five minutes (Figure 9A). 

[0244] The results demor^trate that the localization of infection sites obtained with rwn-invasive in^ging con-elates 
35 well with the sites as revealed upon opening the peritoneal cavity. 

EXAMPLE 11 

EFFECTS OF CIPROFLOXACIN TREATMENTT ON BIOLUMINESCENCE FROM SL1344LUX SALMONELLA 

40 

[0245] To demonstrate the utility of in vivo imaging, an infected animal was treated with the antibiotic ciprofloxacin, 
which known to be effective against systemic Salmonella infections. Magalianes, et a/., 1993, Antimicrobial Agents 
Chemo. 2Z:2293. 

[0246] Experimental and control groups of Balh/c nice were orally inoculated with SL1 344/yx. At 8 days p.i. , mice 
45 in the experimental group were injected i.p. with 100 mg of ciproflaxadn hydrochloride (3mg/kg txwJy weight: Sigma 
Chemical Ca. St Louis, MO). FWIowing treatment of the experimental group, animals from both groups were imaged 
(as above) at several intervals over a period of 5.5 h post treatment. 

[0247] Representative images are shown in Rgures 10B-E. Figures 108 and 10D show Composite images of rep- 
resentative animals from the control and treated groups, respectively, immediately before initiation of treatment of the 
60 experimental group. Figures IOC and 10E show composite inwges of the same animals 5.5 hours after Initiation of 
treatment. Biduminescence over the abdomen of the ctproftaxadn-treated animal was reduced to undetectable levels 
during this period of time, while bioluminescence in the control typically increased 7.5-fold. The total number of photons 
detected over the abdontinal area were detennined. nonnalized to the value at t=0. and plotted in Figure 10A with 
respect to time post-treatment 

66 [0248] The data demonstrate ifiat methods and oori^Dosltions of the present invention can be used to evaluate the 
effects of drugs on the spread of infection in vivo, 

[0249] While the invention has been described with reference to specific methods and embodiments, it will be 
appreoated that various mocff ications and changes may be made without departing from the invention. 



24 



EP001016419 rhttp://vmw.getthepatentxom/Login.dog/$patl/Fetch/£P0Q10164I9xpc?fromCache=lpart=maint^^ Pa R e 25 of 11 



EP 1016 419 A2 * - 

Claims 

1 . A method for detecting eukaryotic cells in a living non-human animal, said method comprising: 

5 (a) providing a non-hunr^an animal comprising aukaryotic cells containing a heterologous gene construct 

encoding at least one lis^it generating protein; 

(b) placing the animal in the detection field of a photodetector device: 

(c) maintaining the animal within the detection Held of the photodetector device; and 

(d) measuring itirough opaque tissue, photon emission from said cells with said photodetector device, to detect 
10 said eukaryotic cells. 

2. The method of Claim 1. wherein said measuring is carried out until an image of photon emission can be con- 
structed, said method further comprising: 

15 (e) constructing an image of photon emission. 

3. The method of Claim 2, said method further comprising: 

r^ating steps (b) through (d) at selected intervals, wherein said repeating is effective to track localization of 
20 the cells in the animal over time. 

4. The method of Claim 2, further including the steps of 

(f) acquiring a reflected light image of the animal: and 
25 (g) superimposing said image of photon emission on said reflected light image to form a conposite image. 

5. The method of Claim 1. further comprising immobilizing said animal in the detection field of the photodetector 
device. 

30 6. The method of any of Oaims 1 to 5, wherein the non-hunran aninnal is a transgenic animal comprising eukaryotic 
cells containing a heterologous gene construct encoding at least one light generating protein. 

7. The method of any of Oaims 1 to 5. wherein said eukaryotic cells were introduced into said non-hunnan animal. 
35 S, The method of Oaim 7, wherein said eukaryotic cells are tumor cells. 

9. A method for Wentifying a therapeutic conrrpound effective to inhibit the growth and/or metastatic spread of a tumor, 
said method comprising: 

40 (a) administering tumor cells labeled with or containing a light^enerating moiety to groups of experimental and 

control animals; 

(b) treating the experimental group with a selected compound; 

(c) localizing the tumor cells in aninrtals from tx>th groups by imaging photon emission from the light-generating 
molecules associated with the tunrior cells with a photodetector device; and 

46 (d) identifying the compound as therapeutic if the compound is able to significantly inhibit the growth and/or 

metastatic spread of the tumor in the experimental group relative to the control group. 

10. A method tor identifying a therapeutic compound effective to inhibit the growth and/or metastatic spread of a tumor, 
said method comprising: 

60 

(a) administering tumor cells containing a heterologous gene construct enoocfing a light generating protein to 
experimental and control grotps of non-hunr»an animals; 

(b) treating tie experimental group wHh a selected compound; 

(c) focalizing the tumor cells in animals from both groups Ijy imaging photon emission from the light-generating 
66 molecules associated wrth the tumor cells with a photodetector device; and 

(d) identifying the conpound as therapeutic if the compound is aW to significantly inhbit th growth and/or 
metastatic spreaad of ttie tumor in tiie experimental group relative to the control group. 
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1 1 . A method for identifying a therapeutic compound effective to inhibit the growth and/or metastatic spread of a tumor, 
said m^hod comprising: 

(a) administering tumor cells containing a heterologous gene construct encoding a light generating protein to 
5 experimental and control groups of non-human animals; 

(b) treating the experimental group with a selected compound; 

(c) measuring photon emission from animals of both groups with a photodetector device; and 

(d) identifying the connpound as therapeutic if the oonnpound is able to significantly inhibit the growth and/or 
noetastatic spread of the tunnor in the experimental group relative to the control group. 

10 

12. The method of any of Claims 1 to 1 1 , wherein said eukaryotic cells are mammalian cells. 

13. The method of any of Claims 1-12, wherein the hetwlogous gene construct includes a promoter. 
15 14. The method of Claim 13, wherein the promoter is constitutively active. 

15. The method of Claim 13, wherein the promoter is activatable, 

16. The method of any of Claims 1-15, wherein the light-generating protein is a fluorescent protein. 

20 

17. The method of any of Claims 1-15, where the light-generating protein is a bioluminescent protein. 

18. The method of any of Claims 1 -15, wherein the light-generating protein is selected from the group consisting of lud- 
ferase, green fluorescent protein, yellow fluorescent protein, and ferredoxin IV. 

25 

19. The method of Claim 18, where the light-generating protein is luciferase. 

20. The method of any of Claims 1 -1 8. where said light-generating protein emits at a wavelength in the range of 486 
nm. 

30 

21. The method of any of Clainr» 1-19. where said light-generating protein emits at a wavelength selected from the 
group consisting of 546 nm, 580 nm, 578 nm, and 593 nm. 

22. The method of any of Claims 1 -19. wherein photons which make up said photon emission are visible light photons. 

35 

23. The method of any of Claims 1-22. where said rrieasuring is carried out with a coolal CCD canoera. 

24. The method of any of Claims 1-22, wherein said measuring is candied out with an intensifial CCD camera. 
40 25. The method of any of Claims 1-24, where raid measuring is carried out using iher optic cables. 

26. The method of Claim 25. where said fiber optic cables are an^nged in a tightly-packed array. 

27. The method of Claim 25, where said fiber optic cables detect light from a limited defined region of the subject. 

46 

28. The method of any one of claims 1 to 26, wherein said non-human aninral is a mamn^l. 



so 
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FIG. 4 
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FIG.6 
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FIG.7A 




FIG.7B 
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BJ66IUI Infection (7 dp.i.) 

FIG.8C 
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FIG.9A 



FIG.9B 
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FIG.9C 
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FIG. IOC 
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